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Abstract 
 
   The primary plant cell wall consists of a complex set of polysaccharides including pectin, 
cellulose and hemicelluloses that are critical for normal plant development. There are three major 
forms  of  pectin,  rhamnogalacturonan  I  (RG-I),  rhamnogalacturonan  II  (RG-II)  and 
homogalacturonan (HGA). Of these, the pectic polysaccharide RG-II, is the least abundant but 
the most complex. Despite this, RG-II is highly conserved among vascular plants, suggesting an 
important function which is dependent upon structure. RG-II consists of four structurally well-
defined side chains attached to a backbone of 1,4-linked galacturonic acid (GalA) residues and 
exists  predominately  as a dimer  in  plant  cell  walls.  RG-II  function  has  yet to  be  identified; 
however, mutations affecting RG-II structure have severe growth and development defects. 3-
deoxy-D-manno-2-octulosonic acid (Kdo) is a rarely found sugar and is a component of the RG-
II side chain C. Kdo biosynthesis has been well characterised and a number of Kdo synthesis 
genes identified in Arabidopsis. Traditional gene knockout approaches to study the effect of 
disrupting  Kdo  biosynthesis  have  been  limited  by  the  apparent  lethality  of  these  mutants. 
Alternative approaches using partial knockout, inducible gene silencing and chemical approaches 
have being employed with the primary aim of  specifically altering the structure of RG-II to 
determine the developmental function of RG-II. By combination of a GAL4/VP16 expression 
system  and  ALCR/alcA  ethanol-switch  to  achieve  temporal  and  spatial  control  of  transgene 
expression, it has been possible to generate a genetic tool-kit consisting of a series of Arabidopsis 
lines in which it should be possible to disrupt Kdo biosynthesis in specific tissues at strictly 
defined developmental stages. As a proof of concept the J0951/iKdsB line, in which expression of 
an AtKdsB antisense sequence is restricted to the epidermis and root cap in the presence of 
ethanol,  is  shown  to  be  almost  completely  devoid  of  root  hairs  when  grown  under  induced 
conditions. This result is suggestive of a role for RG-II in tip growth processes and is consistent 
with  the  phenotypes  of  null  mutants  in  which  a  failure  in  pollen  tube  elongation  results  in 
gametophyte  lethality.  In  silico  and  in  vitro  approaches  are  used  to investigate  the  potential 
application of an inhibitor of AtKdsB, 2β-deoxy-Kdo, as a tool for the disruption of CMP-Kdo 
synthesis in plants. Using homology modelling the Arabidopsis and E. coli enzymes are shown to 
have  a  near  identical  active  site  conformation.  Using  recombinantly  expressed  AtKdsB  in 
enzyme kinetic and inhibition studies the substrate analogue 2β-deoxy-Kdo was shown to be a 
potent in vitro inhibitor of AtKdsB with a Ki of 1.26 ± 0.15 µм, consistent with measures of the 
Kd made by isothermal titration calorimetry (ITC) analysis. The 2β-deoxy-Kdo was subsequently 
applied in vivo and results in a severe inhibition of cell elongation of Arabidopsis root cells that 
can  be  partially  rescued  by  either  Kdo  or  boron.  It  is  likely  that  2β-deoxy-Kdo  application 
disrupts CMP-Kdo biosynthesis with consequences for RG-II structure and dimer formation.  
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1.1 THE PLANT CELL WALL 
1.1.1 The cell membrane and cell walls 
   The biochemical organisation of all cells, whether of single celled or multi-celled organisms, 
must be protected from the external environment.  In the majority of living organisms, this 
protection is provided by a lipid bi-layer ~3 nm thick, known as the cell plasma membrane. In 
addition to this protective role, the cell membrane must provide controlled access to essential 
environmental resources, facilitate communication between cells and define cell shape. In 
animals the cell membrane, together with a secreted extracellular matrix of insoluble network 
polysaccharides and proteins, is directly exposed to the environment, but in some protists, most 
bacteria and fungi and all plants the cell membrane is covered by a tough external cell wall. Cell 
wall composition varies across taxa and between species, tissues and developmental stages and 
can consist of peptidoglycans (bacteria), complex polysaccharides (plants), chitin (fungi) or 
biogenic silica (diatoms) (Albersheim et al., 2011; Alberts et al., 2002; Hayashi, 2006). 
 
1.1.2 Plant cell walls 
   The plant cell wall is an elaborate extracellular matrix composed of functionally important 
cellulose, non-cellulosic complex polysaccharides, proteins, phenolic compounds and inorganic 
ions, in proportions specific to cell type and developmental stage. This dynamic cell wall which 
surrounds all plant cells performs many essential biological roles (Popper, 2008). Despite their 
different compositions, the plant cell wall fulfils many of the same roles as the extracellular 
matrix produced by animal cells; connecting cells into tissues, signalling cell growth and division 
and defining cell and tissue shape, and ultimately the plant as a whole. However, plant cell walls 
are thicker, stronger and more rigid than the extra-cellular matrix produced by animal cells. Chapter 1 
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Although more rigid the plant cell wall is not inanimate but is dynamically remodelled during 
development. The plant cell wall provides structural and mechanical support, maintains and 
determines cell shape. The changes that are seen during plant growth and development are the 
result of controlled cell division, structural modification and reorganisation of wall components, 
synthesis and insertion of new material into the existing wall. The cell wall connects cells to form 
tissues, controls plant cell growth and division and ultimately defines the plant shape. Cell walls 
regulate diffusion of material through the apoplast, are involved in cell-cell interactions, can store 
carbohydrate and protect against environmental factors such as pathogens and dehydration. 
   A major function of the plant cell wall is to withstand the osmotic turgor pressure of the cell, to 
achieve this the cell wall is arranged into a fibre-composite with layers (or lamellae) of relatively 
thick cellulose microfibrils connected by a network of hemicellulose and embedded in a matrix of 
complex polysaccharides know as pectin. This combination of turgor pressure and cell wall 
strength contribute to plant cell rigidity and in the absence of an external or internal skeletal 
structure allows land plants to stand erect. In some cell types, lignification of the cell walls results 
in greatly increased rigidity and cell wall thickening; thus the wall is transformed from a dynamic 
extensible structure to a rigid structure (Albersheim et al., 2011). Historically viewed as an 
inanimate rigid box, the plant cell wall is now recognised as a functionally-diverse dynamic 
structure of central biological importance. The plant cell wall is involved in almost every aspect 
of plant biology, with obvious relevance for such processes as the control of cell growth, 
intercellular transport, interactions with other organisms and reproduction (Hayashi, 2006). 
 
1.1.3 Cell wall derivation 
1.1.3.1 Meristems are the site of cell wall derivation 
   The cell movements and migrations that characterize animal development are not possible in 
plants as adjacent cells are attached via their cell walls. Plant development is characterized by a 
programmed series of cell divisions that give rise to an embryo containing a apical meristem, root 
meristem and one or more cotyledons. Upon germination the embryo will develop into an adult 
plant by coordinated cell division and cell elongation, with cell proliferation restricted to the 
shoot and root apical meristems (root and shoot poles). Plant meristems are composed of small, 
densely cytoplasmic cells <10 µm in diameter with thin cell walls and including a subset of 
slowly dividing cells called initials (or stem cells). When these initials divide, one daughter 
remains a stem cell, while the other enters the meristematic cell population where it may divide 
further and eventually leave the meristem, expand and differentiate. In this way sequential cell 
divisions in plant meristems are the site of new primary cell wall generation (Fig 1.1). Typically, 
new cross-walls are laid down following mitosis and partition the protoplast in a process called 
cytokinesis (Albersheim et al., 2011). General Introduction 
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Figure 1.1 Sequential cell divisions in plant meristems are the site of new cell wall 
generation. The root meristem and root cap of a corn root, showing the orderly files of cells 
produced. Scale bar, 100 µm. Adapted from Albersheim (2011), originally from Poethig and 
Sussex (1985).  
 
1.1.3.2 Cell wall biogenesis 
      In an inside-outward event the cell plate, a membrane-enclosed disk, forms between two 
daughter nuclei and extends radially until it meets the mother cell wall. The plasma membrane of 
the cell plate fuses with that of the mother cell, producing a cross-wall that separates the two 
daughter cells (Fig 1.2). At this stage the contents of the cell plate is largely homogenous and 
characterized by callose, a β1-3 linked polysaccharide. Around the time of cell plate/mother wall 
fusion, cellulose deposition begins in each daughter cell at the plasma membrane facing the 
cross-wall. The cellulose microfibrils produced by each daughter do not mix, rather they are 
separated by an exclusion zone rich in pectic polysaccharides called the middle lamella. Local 
dissolution of the mother cell wall occurs to allow full integration of the cross-wall and 
elaboration of cross-wall tubular elements into permanent pores called plasmodesmata. Thus, the 
cells of higher plants form two continuous networks, a single shared cytosolic space called the 
symplast and a continuous intercellular space called the apoplast (Fig 1.3) (Albersheim, 2011). Chapter 1 
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Figure  1.2  Cell  wall  biogenesis.  A  structure  called  the  phragmoplast  is responsible for  the 
assembly  of  the  cell  plate.  The  phragmoplast  is  formed  of  microtubles  and  associated  actin 
filament and is supported by vesicle producing Golgi stacks. These vesicles are transported along 
microtubules to the centre of the phragmoplast where they fuse to form a membrane-enclosed 
disk, known as the cell plate. Vesicles continue to carry pectic polysaccharides, xyloglucan and 
proteins to the cell plate and complete partition is achieved when the cell plate reaches the mother 
cell. At this point, callose is replaced with cellulose and two distinct ‘walls’ are distinguishable. 
Adapted from Albershiem et al. (2011).  
 
 
 
 
Figure  1.3  Two continuous  networks, the  apoplast  and the  symplast.  A much simplified 
schematic  of  discrete  topological  compartments  formed  within  the  plant.  The  connections 
between cells, called plasmodesmata, create two continuous networks; the apoplast, consisting of 
everything outside the cells plasma membrane; and the symplast, consisting of everything inside 
the plasma membrane (the plants collective cytoplasm). Adapted from Albersheim et al. (2011).  
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1.2 PRINCIPAL COMPONENTS OF THE PLANT PRIMARY CELL WALL 
   The plant primary cell wall is comprised of a complex set of polysaccharides, including pectin, 
cellulose  and  hemicelluloses  that  are  crucial  for  normal  development  (Carpita  and  Gibeaut, 
1993b). Cellulose is a polysaccharide composed of unsubstituted 1,4-β-glucan residues and is the 
major load bearing component of the cell wall, and typically constitutes approximately 30-40% 
of cell wall mass. Hemicelluloses (also referred to as cross-linking glycans) are a heterogeneous 
group of branched polysaccharides structurally homologous to cellulose with a 1,4-β-hexosyl 
backbone (Carpita and Gibeaut, 1993a). 
   Pectin is a family of complex polysaccharides rich in 1,4-linked α-D-galacturonic acid. There 
are  three  classes  of  pectic  polysaccharides,  homogalacturonans,  rhamnogalacturonans  and 
substituted galacturonans. The organisation of components within the primary cell wall and how 
cell these are re-arranged to allow cell expansion remains uncertain and there are several models 
that could account for the mechanical properties of the cell wall (Carpita and Gibeaut, 1993a). 
Below, each of the principal cell wall components are discussed individually before addressing 
cell wall assembly and architecture. 
1.3 CELLULOSE 
1.3.1 Cellulose exists as microfibrils 
   Cellulose is a key structural component of cell walls providing the majority of tensile strength. 
Cellulose exists in the wall in a highly aggregated form with individual β-1,4-glucan chains of 
between 2000-25,000 glucose residues tightly packed by extensive inter- and intra-molecular 
hydrogen bonds and Van der Waal forces, forming semi-crystalline ribbon-like structures known 
as microfibrils of 4-10 nm width (Brown, 1996; Emons, 1988; McCann et al., 1990; Preston, 
1974).  These  tight  noncovalent  glucan  interactions  give  cellulose  microfibrils  high  tensile 
strength  (estimated  to  be  equivalent  to  steel),  insolubility,  chemical  stability,  and  relative 
immunity  to  enzymatic  attack  (Cosgrove,  2005;  Wainwright,  1976).  Cellulose  is  seen  as  an 
important source of industrial raw material (Somerville, 2006) and as a future source for biofuel 
production (Somerville, 2007). Chapter 1 
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Figure 1.4 Intramolecular and intermolecular hydrogen bonds between glucan chains in a 
cellulose microfibril. Adapted from Albersheim (2011).  
 
1.3.2 Cellulose synthesis 
   Cellulose is synthesised at the plasma membrane by large ordered complexes (rosettes) of ~20 
to 30 nm in diameter embedded in the plasma membrane (Brown et al., 1996). Rosettes are 
formed by six globular complexes each comprised of up to six cellulose synthase (CesA) 
proteins. Ten CesA genes have been identified in Arabidopsis (CesA1-10); CesA1,  CesA2, 
CesA3, CesA5, CesA6 and CesA9 are involved in primary cell wall synthesis (Arioli et al., 1998; 
Desprez et al., 2007; Desprez et al., 2002; Fagard et al., 2000; Scheible et al., 2001); CesA4, 
CesA7 and CesA8 involved in secondary wall formation. The role of CesA10 is unclear. Many of 
the primary wall cellulose synthase genes have been identified using forward genetic screens for 
cellulose synthesis related phenotypes and are typically characterized by dwarfism, ectopic 
accumulation of lignin and reduced root elongation (Hauser et al., 1995; Nicol et al., 1998). 
Genetic evidence suggests partially redundant roles for CesA2, CesA5, CesA6, and CesA9, while 
cellulose molecule cellulose molecule
Intermolecular 
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null mutants of CesA1 and CesA3 are gametophyte lethal (Desprez et al., 2007) suggesting a 
unique and critical role for these CESAs in primary cell wall cellulose synthesis. 
 
1.3.3 Cellulose synthesis and the cytoskeleton 
      Advances in live cell imaging have made it possible to track the movement of cellulose 
synthase complexes in the plasma membrane, to reveal that the complexes track over underlying 
cortical microtubules which thus act as a spatial template for cellulose microfibril extrusion 
(Emons et al., 1992; Lucas and Shaw, 2008; Paredez et al., 2006). Simultaneous fluorescent 
labelling of the cellulose synthase complex (YFP:CESA6) and microtubule (MT) cytoskeleton 
(CFP:TUA1) demonstrated that YFP:CESA6-labeled complexes move precisely in register with 
CFP:TUA1-labelled MT’s (Paredez et al., 2006). Furthermore, while inhibition of cellulose 
synthesis had no observable effect upon MTs, depolymerisation of the MT cytoskeleton resulted 
in disordered YFP:CESA6 movement in the plasma membrane, suggesting that the MT 
orchestrates cellulose disposition and not vice versa (DeBolt et al., 2007). 
 
1.3.4 Other interacting components 
   The Arabidopsis cellulose synthase interacting protein 1 (CSI1), a member of the Armadillo 
(ARM) superfamily of proteins, has been shown to link microtubules and cellulose synthase 
(CESA) complexes. Simultaneous in vivo imaging of CSI1 and CESA complexes demonstrate 
that CSI1 is a microtubule-associated protein bridging microtubules and CESAs and that the 
association of microtubules and CESA complexes is dependent on CSI1 (Li et al., 2012). Using a 
combination of genetic and pharmacological approaches CSI1 has been shown to be necessary 
for microtubule stability and necessary for normal root and anther development in Arabidopsis 
(Mei et al., 2012). Korrigan (KOR) acts as a endoglucanase catalysing the hydrolysis of β-1,4 
linked cellulose chains at the plasma membrane-cell wall interface (Carrard et al., 2000; Nicol et 
al., 1998) and is required for the synthesis of an ordered, load-bearing cellulose-hemicellulose 
(Sato et al., 2001). Although a large number of studies in various plant species have implicated 
KOR in a wide range of functions (Brummell et al., 1997; Molhoj et al., 2001; Molhoj et al., 
2002; Szyjanowicz et al., 2004; Zhou et al., 2006; Zuo et al., 2000), to date the mechanism of 
KOR function remains elusive (Maloney et al., 2012). KOBITO1 ( KOB1) encodes a plasma 
membrane bound glycosyltransferase-like protein that is proposed to be involved in cellulose 
synthesis and plasmodesmatal permeability. The elongating root cells of the dwarfed mutants 
kob1-1 and kob1-2 display randomised cellulose microfibrils occluded by a layer of pectic 
material (in contrast to the ordered, transversely oriented microfibrils found in wild-type) (Pagant 
et al., 2002). A genetic screen aiming to identify factors regulating stomata differentiation 
identified kob1-3 as a mutant with increased plasmodesmatal permeability suggesting a role for 
KOB1 in establishing the correct size exclusion limit for plasmodesmata (Kong et al., 2012). Chapter 1 
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Other cellulose interacting components include COBRA (COB) (Li et al., 2003; Roudier et al., 
2005) and chitinase-like protein 1 (CTL1/POM1) (Deloire et al., 1997; Ye and Ng, 2002). 
 
1.4 HEMICELLULOSES/CROSS-LINKING GLYCANS 
   The  term  hemicellulose  traditionally applies to a heterogeneous group defined as cell wall 
polysaccharides solubilized by alkaline treatment. As understanding of the structure and 
biosynthesis of these polysaccharides has grown, alternative terms, such as cross-linking glycans, 
and classifications based on structure and physicochemical properties have been proposed. 
However, the term hemicelluloses remains widely used; defining a structurally similar group of 
polysaccharides characterised as neither cellulose nor pectin and by typically having a 1,4-linked 
β-D-pyranosyl backbone in which C1 and C4 are in the equatorial orientation (e.g. Glc, Man, and 
Xyl) and includes xyloglucan, xylans, mannans, glucomannans and  β-(1-3,1-4)-glucans (Scheller 
and Ulvskov, 2010). Xyloglucan (XyG) has been found in all plant species analysed and is the 
most abundant and best studied hemicellulose in the primary wall of dicotyledons. XyG is a 
branched polymer consisting of a backbone of 1-4 linked–D-glucopyranose residues with short 
side chains containing xylose and galactose and a terminal fucose (although many variations 
exist) (Fry, 1989; McNeil et al., 1984). The non-covalent interaction between hemicellulose and 
cellulose is a central tenet of many models of the cell wall (Cosgrove, 1997a; McCann and 
Roberts, 1991; Scheller and Ulvskov, 2010), with XyG tethering cellulose microfibrils together 
creating a networked strengthened cell wall – refered to as a sticky network model (Cosgrove, 
2000a). Although there is little direct evidence for xyloglucan tethering of microfibrils, the 
circumstantial evidence is strong. Xyloglucans are longer (≈50–500 nm) than the spacing 
between cellulose microfibrils (20–40 nm) and can bind tightly to the surface of the cellulose 
microfibril (Hayashi, 1989). This may also be true for other hemicelluloses (e.g. xylans, 
arabinoxylans, and mannans) (Carpita and Gibeaut, 1993a). Furthermore, it has been shown that 
the growth-inducing expansin enzymes are more effective in artificial cellulose/XyG composites 
when the XyG chains used are long enough to tether microfibrils (Whitney et al., 2000).  
1.5 PECTINS 
   Pectin is a complex family of polysaccharides which account for ~35% of the primary cell 
walls of flowering plants (Mohnen, 2008). Pectin is a component of all higher plant cell walls 
(Mohnen, 2008; O'Neill et al., 2004) and is abundant in expanding and dividing cell walls, walls 
of soft tissues, the middle lamella and cell corners and has also been identified in the junction 
zone between cells with secondary walls (Mohnen, 2008). Evidence implicates pectin in a large 
number of roles and is clearly functionally critical in plants (Mohnen, 2008; Ridley et al., 2000; 
Willats et al., 2001). General Introduction 
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The three major components of pectin are the galacturonic acid rich polysaccharides 
homogalacturonan (HG), rhamnogalacturonan II (RG-II) and rhamnogalacturonan I (RG-I). HG, 
the most abundant pectic polysaccharide, is made up of a chain of α-1,4-linked galacturonic acid 
residues. RG-I makes up 20-35% of pectin and consists of a disaccharide repeating (-α-D-GalA-
1,2-α-L-Rha-1,4-) backbone and shows high variability in the type and number of side chains. 
RG-II is a substituted form of HG and is the most structurally complex polysaccharide yet 
identified in nature (O'Neill et al., 2004). How pectic polysaccharides are linked remains unclear, 
although the available data support a model of backbone linking (Coenen et al., 2007; Ishii et al., 
2001; Mohnen, 2008). Pectin is best known as a gelling agent used in jams and jellies however 
pectin is interesting for many reasons other than its use in the food industry.  In nutrition pectin 
has been implicated as having a role in cancer prevention (Yan and Katz, 2010). In plant growth 
and development pectin may play a role in cell expansion and extensibility (Blamey, 2003, 
Derbyshire et al. 2007). 
1.6 SYNTHESIS OF MATRIX POLYSACCHARIDES 
   The wall matrix polysaccharides possess a much greater diversity of sugar residues and types of 
glysodic linkage than the microfibril component. Moreover, while cellulose is synthesized at the 
plasma membrane, the accepted dogma is that matrix polysaccharides such as pectins are 
polymerized in the cis Golgi, methlesterified in the medial Golgi and substituted with side chains 
in the trans Golgi cisternae (Goldberg et al., 1996; Ray et al., 1969). Nucleotide sugars are 
activated sugar residues formed by the coupling of a sugar to a nucleotide di-phosphate 
(generating an NDP-sugar), or more rarely a nucleotide mono-phosphate (generating an NMP-
sugar) and as 'high energy bond' compounds with a high group transfer potential, nucleotide 
sugars are well suited to the formation of glycosidic bonds and act as the substrates for glycan 
synthesis (Bar-Peled and O‘Neill, 2011). 
   A group of enzymes known as glycosyltransferases (GTs) are responsible for the transfer of an 
activated sugar to a glycan acceptor leading to extension of the glycan polymer. The range of 
available nucleotide sugars, the many ways in which these monosaccharides can be linked 
together by specific GTs and the diversity in forms and configurations in which monosaccharides 
can exist, allow plants to synthesize many different glycan structures. Glycans can be linear such 
as cellulose which is composed of 1,4 linked β-D-glucosyl residues or homogalacturonan that is 
composed of 1,4 linked α-D- galacturonic acid residues. Alternatively, glycans may be branched 
such as the N-linked oligosaccharide of glycoproteins, or the side-chains of rhamanogalacturonan 
II. As an example of the complexity that can be achieved, the pectic component RG-II found in 
the cell walls of all vascular plants is made-up of at least 12 different sugars with 22 different 
linkages and requiring many different GTs together with several O-acetyl and O-
methyltransferases for its synthesis (Mohnen, 2008). To date at least 30 different nucleotide Chapter 1 
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sugars have been identified in plants and the major metabolic pathways and catabolic strategies 
that a plant utilizes to form this diverse set of nucleotide sugars have been mostly elucidated (see 
Bar-Peler and O’Neill (2011) for a comprehensive review). Therefore, before consideration of the 
enzymes responsible for the synthesis of this arsenal of sugar substrates, many Golgi-localised 
glycosyltransferases are required for the assembly of these matrix polysaccharides and their 
decoration with structurally diverse side-chains. Progress in the identification of the genes 
encoding these glycosyltransferases has been slow (due to the inherent difficulty associated with 
biochemical approaches to study glycosyltransferases) but many are likely to be members of a 
large superfamily of CELLULOSE SYNTHASE-LIKE (CSL) genes comprised of the cellulose 
synthases (CESAs) and eight additional gene families denoted CSLA to CSLH. The CSL 
subfamilies are characterized by sequence motifs typical of β-glycosyltransferases but do not 
include the zinc finger domain that is involved in CESA dimerization. Indeed, members of the 
CSLA subfamily have been show to encode enzymes responsible for the synthesis of β-mannan. 
By heterologous expression of CSLA genes in insect cells (which do not possess a cell wall) it 
was possible to demonstrate mannan synthase activity.  
1.7 PROTEINS AND GLYCOPROTEINS 
1.7.1 Structural proteins and enzymes contribute to cell wall architecture and function 
   In addition to the major polysaccharides described above (cellulose, hemicelluloses and pectin) 
the plant extracellular matrix/cell wall also contains a protein component that accounts for 5-10% 
of cell wall mass (Jamet et al., 2008). Besides the cellulose microfibril/hemicellulose network, 
structural proteins form a second pectin embedded network while a great diversity of cell wall 
interacting enzymes contribute to cell wall plasticity (Showalter, 1993). Several classes of wall 
structural proteins have been described in the plant kingdom, classified according to their 
predominant amino acid composition, including hydroxproline-rich glycoprotein (HRGP), 
proline-rich protein (PRP), glycine-rich protein (GRP) and arabinogalactan protein (APGs) that 
are discussed below. 
 
1.7.2 Hydroxyproline-rich glycoproteins (HGRPs) & Proline-rich proteins (PRPs) 
   Extensins are a family of hydroxyproline-rich glycoproteins (HRGPs) which are particularly 
abundant in dicots and generally characterised by a repeating Ser-Hyp4 pentapeptide. Although 
originally thought  to determine cell wall extensibility (hence termed extensins) evidence 
suggests that protection against pathogen attack by structural strengthening of cell walls as a 
more likely function for HRGPs (Cooper et al., 1987; Tire et al., 1994)  General Introduction 
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1.7.3 Glycine-rich proteins (GRPs) 
   Glycine-rich proteins (GRPs) are structural cell wall proteins that typically contain 50 to 70% 
glycine residues indicative of a β-pleated sheet structure. Although most often observed at 
vascular bundles (particularly phloem fibers), GRPs are not only made in lignified xylem cells 
but also by adjacent xylem parenchyma cells, which export the GRPs to the modified primary 
walls of the dead xylem cells. This suggests a role for GRPs in maintaining the structural stability 
of this tissue-stabilizing cell wall layer. Other proposed functions include providing elasticity and 
tensile strength during vascular development or acting as sites of nucleation for lignin oxidative 
polymerization.  
 
1.7.4 Arabinogalactan proteins (AGPs) 
      The term arabinogalactan protein (AGP) applies to a diverse group of plant glycoproteins 
characterised by a core-protein backbone O-glycosylated by one or more complex carbohydrates 
dominated by galactan and arabinose residues (Seifert and Roberts, 2007). Classically AGPs have 
been defined as proteoglycans able to bind and be precipitated by a class of synthetic phenylazo 
dyes, the β- (but not α-) Yariv reagents. Several lines of evidence demonstrate that these 
classically defined AGPs are plasma membrane bound (GPI-anchored); including predictions 
from cDNA sequences, and identification of GPIs in buffer-soluble extracts (but not plasma 
membrane fractions). A second group of AGPs, defined as ‘non-classical’; because they have 
AGP-like hydroxyproline-, alanine-, serine-, and threonine-rich sequence motifs, but also contain 
extensive non-proline-rich domains and do not always bind the Yariv reagent. GPI-anchored 
proteins sharing some sequence homology with the plant AGPs have been characterized in 
animals, protozoa and yeast, and have been implicated in signal transduction pathways, leading to 
speculation that plant GPI-anchored AGPs could have a signalling function. The diversity of 
AGP structure, in which core protein length and domain complexity, and relative ratio of glycan 
to protein can vary greatly, is reflected by the number of developmental processes in which AGPs 
have been proposed to function, including; cell division and cell death, pattern formation 
(embryonic and post embryonic), pollen tube guidance, pollen incompatibility, diffuse expansion, 
tip growth, secondary wall deposition, abscission, interaction with growth regulators and microbe 
interactions (see Seifert and Roberts (2007) for a comprehensive review). There is as yet no 
mechanistic paradigm capable of interpreting the various biological roles proposed for AGPs. 
 
1.8 WALL ENZYMES 
   Many enzymes can be found associated with plant cell walls (Cassab and Varner, 1988; Fry, 
1995) including  major polysaccharide modifying enzymes (e.g. endoglucanases, xylosidases, 
pectinases, pectin methyl esterases (PMEs), and xyloglucan endotransglycosylases (XETs)) as 
well as enzymes acting on the wall of potential bacterial and fungal pathogens (e.g. chitinases Chapter 1 
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and  (1,3)–glucanases),  or  those  modifying  other  substrates  in  the  wall  (e.g.  invertase, 
peroxidases, phosphatases and dehydrogenases). Some of the better characterized plant cell wall 
proteins and their functions are discussed below. 
 
1.8.1 Xyloglucan endotransglycosylases  
   Xyloglucan endotransglycosylases (XETs) are a class of plant enzyme that modulate cell wall 
loosening and rapid reinforcement during cell expansion and elongation. To achieve this function 
XETs catalyse cleavage of a xyloglucan chain and subsequent religation to a different acceptor 
chain, thereby controlling wall extensibility (Fry et al., 1992). The Arabidopsis XET gene TCH4 
has been well-characterized and transcription shown to be induced by a variety of stimuli leading 
to the conclusion that XETs have a role in cell wall modifications as response to environmental 
cues. The existence of a large XET gene family in Arabidopsis suggests tissue and developmental 
specificities for many XETs. The crystal structure of the Populus tremula x tremuloides XET 
(pttXET-16A) has recently been reported in both its apo and bound states, and has been used to 
reveal the  structural  basis  of XETs strict transglycosylation  activity  (substrate  specificity  for 
xyloglucan and subsequent transfer to another acceptor xyloglucan). While structurally related 
xyloglucan endohydrolase (XEH) enzymes use water as the acceptor molecule  - cleaving the 
xyloglucan,  pttXET16A  requires  sugar  binding  in  the  acceptor  site  before  catalysis  can  be 
proceed – resulting in strict xyloglucan endotransglucosylase activity.  
 
1.8.2 Pectin methylesterases 
   Pectin methylesterases (PMEs) are a class of enzyme that catalyse the demethylesterification of 
polygalacturonans and are produced by plants, phytopathogenic bacteria and fungi, and symbiotic 
micro-organisms during interaction with plants. In higher plants PMEs are ubiquitous, identified 
in all plants and tissues examined (Pelloux et al., 2007). The degree and pattern of methyl esters 
(abbreviated as DM and PM, respectively) determine the functional properties of pectin. This 
together with the many PME isoforms and the variance in their temporal and spatial expression 
patterns reflect the many important roles of PMEs in plant physiology (Jolie et al., 2010; Micheli, 
2001; Pelloux et al., 2007; Wolf et al., 2009) including; cell-wall extension and stiffening (Al-
Qsous et al., 2004; Moustacas et al., 1991), cellular adhesion and separation (Tieman et al., 1992; 
Wen et al., 1999), fruit ripening (Brummell and Harpster, 2001; Draye and Van Cutsern, 2008; 
Phan et al., 2007), wood development (Siedlecka et al., 2008), stem elongation (Derbyshire et al., 
2007; Pilling et al., 2000), leaf growth (Pilling et al., 2004), microsporogenesis (Lacoux et al., 
2003), seed germination (Ren and Kermode, 2000), pollen tube growth (Bosch and Hepler, 2005; 
Bosch and Hepler, 2006; Krichevsky et al., 2007; Tian et al., 2006), and defence response to 
biotic and abiotic stress (Chen and Citovsky, 2003; Chen et al., 2000; De-la-Pena et al., 2008; General Introduction 
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Dorokhov et al., 2006; Dorokhov et al., 1999; Gasanova et al., 2008; Koerner et al., 2009; Osorio 
et al., 2008; Wakabayashi et al., 2003). The structure of a bacterial (Erwinia chysanthemi) and 
two plant PMEs (carrot and tomato) have been determined by x-ray crystallography (Di Matteo et 
al., 2005; Jenkins et al., 2001; Johansson et al., 2002) to reveal a largely conserved structure 
characterized by a right-handed parallel β-helix structure consisting of three parallel β-sheets and 
protruding loops that form a pectin binding cleft lined by aromatic residues (Tyr, Phe, Trp), 
typical of carbohydrate binding sites. The putative active site located in the binding cleft and 
contains several conserved amino-acid residues: two Asp, two Gln and one Arg (D'Avino et al., 
2003; Di Matteo et al., 2005; Jenkins et al., 2001; Johansson et al., 2002). A low level of pectin 
methyl esterification is associated with reduced wall extensibility and cessation of growth. It is 
possible that Ca
2+-mediated cross-linking of demethylesterified HG is responsible for this 
through prevention of cell wall creep. However, this is only one possible outcome of PME 
activity, an alternative scenario would involve pectin dimethyl esterification enabling 
polygalacturonase activity and cell wall loosening. 
 
1.8.3 Expansins and Acid Growth 
      The most widely accepted and experimentally supported mechanism of cell growth is that 
expansion is the result of biochemical loosening of the wall and that the resulting stress 
relaxation induces turgor-driven extension of the wall polymer network (Cosgrove, 1997a). Clues 
to the molecular mechanism responsible for this type of expansion have come from the 
observation that isolated cell walls are capable of a pH-dependent form of wall extension known 
as acid growth (Rayle and Cleland, 1992), and that this ability is lost upon protein denaturation 
(Cosgrove, 1989). These results suggested that acid growth is protein-dependent, which was 
subsequently verified by identification and characterisation of the responsible proteins known as 
expansins (Cosgrove, 2000b; Cosgrove and Li, 1993).  As well as rescue of acid growth in 
isolated cell walls (McQueen-Mason et al., 1992; McQueen-Mason and Cosgrove, 1995), 
application of expansins has been shown to induce cell enlargement in living tissues (Fleming et 
al., 1997; Link and Cosgrove, 1998) while RNAi-mediated silencing of expansins inhibits growth 
(Goh et al., 2012). Furthermore, the expression patterns of expansins have been shown to 
spatially and temporally correlate with cell growth. As more expansins have been identified they 
have been implicated in an increasing number of biological roles. As examples; the Maize m1 
isoform β-expansins expressed in pollen have been shown to have a role in loosening the style 
cell walls facilitating pollen tube growth toward the ovary (Cosgrove et al., 1997; Heslop-
Harrison et al., 1984) and the tomato α-expansion gene Le-EXP1 is involved in fruit ripening; 
RNAi-silencing of Le-EXP1 produces firmer fruits throughout ripening (Brummell et al., 1997; 
Rose et al., 1997). Conventional enzymatic theories including hydrolysis of matrix polymers and 
protolysis have failed to explain the mechanism of expansin-induced wall loosening (Cosgrove, Chapter 1 
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1989; McQueen-Mason et al., 1992; McQueen-Mason and Cosgrove, 1995). The current 
accepted model is that expansins interfere with the non-covalent binding between wall polymers 
and facilitate cell growth by turgor-driven polymer creep (Cosgrove, 2000b). 
1.9 LIGNIN 
      Lignin is a hydrophobic complex phenolic polymer of secondary cell walls. During 
lignification, the aqueous phase of the cell wall is replaced by lignin, which surrounds the 
cellulose microfibrils and matrix polysaccharides, thus providing rigidity and compressive 
strength. Cell division, cell expansion  and cell elongation cease before lignification - which thus 
represents the final stage of differentiation and is often followed by controlled cell death. 
Secondary cell walls are known to consist of cellulose microfibrils, hemicelluloses and lignin and 
models of secondary cell wall formation have been proposed (Higuchi, 1997). 
1.10 CELL WALL ARCHITECTURE 
1.10.1 The primary cell wall 
   The principle components of the plant cell wall (cellulose, noncellulosic polysaccharides, lignin 
and protein) have been discussed above. However, it should be noted that the relative proportions 
of cell wall components will vary according to cell type and developmental stage with cell wall 
heterogeneity being observed at the levels of tissue, cell and even across a single cell (Burton et 
al., 2010). Having established that caveat, it is safe to state that the architecture of all primary cell 
walls is based on the same structural principle. Namely, a fiber-reinforced composite structure 
with a cellulose-hemicellulose network embedded in a second pectic polysaccharide network. In 
many ways analogous to reinforced concrete, a composite material of steel rods embedded in 
concrete; the fibrous steel rods resist tension and the concrete resists compressive forces, roles 
mirrored by the cellulose-hemicellulose network and pectic network, respectively. An adhesive 
layer rich in pectic polysaccharides, known as the middle lamella, binds adjacent cells together. 
The cellulose-hemicellulose network consists of lamella in which crystalline cellulose 
microfibrils orientated in the same direction are interconnected by cross-linking hemicelluloses 
molecules that are hydrogen bonded to their surface and possibly integrated into their crystalline 
structure. An approximate scale model of these principal components is a popular way to present 
a model of the primary cell wall (Fig. 1.5). A co-extensive pectic polysaccharide network 
intermeshes with the cellulose-hemicellulose network creating a water-retentive matrix. The 
pectin network is likely to be anchored to the plasma membrane and at the middle lamella forms 
an adhesive mesh via calcium cross-bridges formed between stretches of homogalacturonan 
(Marry et al. 2006, Bowling and Vaughn, 2011). The exact function of the cell wall structural 
proteins is not well understood although HRGPs have been suggested as having roles in cell General Introduction 
15 
 
plate/early cell wall formation (Cannon et al. 2008) and in response to stress or wounding (Taqu 
et al. 1992). 
 
 
Figure 1.5 Schematic model of the primary cell wall showing the two major polysaccharide 
networks.  The orthogonally arranged layers of cellulose microfibrils are cross-linked into a 
network by hydrogen-bonded hemicelluloses such as xyloglucan. This network is coextensive 
with a network of pectin polysaccharide which form a space-filled hydrophilic gel between 
microfibrils. The cellulose and hemicellulose network provides tensile strength, while the pectin 
network resists compression. Cellulose, hemicellulose and pectin are typically present in roughly 
equal quantities in a primary cell wall. The middle lamella is pectin-rich and cements adjacent 
cells together. Adapted from Roberts (1994) and Hayashi (2006).  
 
1.11 METHODS TO STUDY THE PLANT CELL WALL 
1.11.1 Structural characterization plant cell wall polysaccharides 
   The study of plant cell wall polysaccharide structure is largely dependent on the ability to 
isolate relatively pure fractions of a given polysaccharide (Mort et al., 1991; Selvendran and 
O’Neill, 1987). This can be a difficult process and the degree of purity can vary depending on the 
target and the method to solubilize the polysaccharide. For example, pure fractions of the pectin 
RG-I will have a range of molecular weights of between 160 to 240 kD, presumably 
representative of a collection of closely related polysaccharides. Likewise, the cross-linking 
glycans, xyloglucan and glucuronoarabinoxylan, are isolated as fractions of heterogeneous size. 
RG-II preparations are more  homogeneous and can be obtained as either a pure monomer (~4.5 
kD) or dimer (~9.0 kD) (Albersheim, 2011). Once a particular polysaccharide has been separated 
its glycosyl residue composition can be determined. This typically involves cleavage of the 
polysaccharide into its constituent monosaccharides followed by identification and quantitation 
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by analytical chemistry methods such as gas chromatography or high-performance liquid   
chromatography (HPLC) (Albersheim, 2011; Selvendran and Ryden, 1990; York et al., 1986). 
Enzymatic and chemical cleavage of specific glycosidic bonds can be used to further dissect large 
polysaccharides to reveal information on glycosyl sequence and linkage types (Carpita and 
Gibeaut, 1993a; Mort et al., 1983). Although analysis of polysaccharide composition remains far 
from routine, relatively high-throughput methods are beginning to become available (Gardner et 
al., 2002; Moller et al., 2007; Seveno et al., 2009).  
 
1.11.2 Localizing cell wall molecules 
   A major problem in plant cell wall research has been in locating molecules within the cell wall, 
however, advances in the development and application of monoclonal antibodies against cell wall 
components (amongst other techniques; stains, carbohydrate-binding molecules, fluorescently-
tagged proteins, radiolabelling, enzymes probes, RNA in-situ  hybridization and electron 
microscopy) has revealed unprecedented detail of cell wall heterogeneity across cell types and 
developmental stages (Albersheim, 2011; Knox, 2008; Laughlin and Bertozzi, 2009). Many 
monoclonal antibodies against cell wall molecules are now available from depositories in the 
USA (www.ccrc.uga.edu/) and UK (www.plantprobes.net) some of which are listed (Table 1.1).  
 
Table 1.1 Examples of cell wall antibodies. Adapted from Albersheim (2011) 
Monoclonal antibody  Epitope recognized 
LM15  XXXG motif of xyloglucan 
LM10 Xyloglucan 
LM5 1,4-β-D-galactan 
LM1 HRGP 
JIM4 AGP  glycan 
JIM7 Methyl-esterified  homogalacturonan 
Fab  De-esterified rhamnogalacturonan II 
 
1.12 WHY STUDY THE PLANT CELL WALL? 
1.12.1 Nutritional quality and texture of foods 
      For human interests the cell wall has a similarly broad relevance impacting on nutritional 
quality and texture of foods, medicinal and physiological, textiles and construction and biofuels. 
The textural quality of food is defined by three factors; crispness, mealiness and toughness, all of 
which are largely dependent on the cell wall properties of the particular fruit or vegetable. 
Crispness is the result of cell fracture and release of ‘juice’ from the cell contents and is 
dependent on a relatively strong cell-cell adhesion by the middle lamellae. When the cell bonding General Introduction 
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via the middle lamellae is relatively weaker the middle lamellae fractures rather than the cell, less 
cell contents is released and results in a drier, more mealy texture. The effect of a failure to 
disrupt the tissue (maybe due to high fibre content or cell wall collapse without fracture) is 
perceived toughness, which can be an effective deterrent to herbivores. Plant derived gums (cell-
wall associated polymers) are widely used as additives in the food industry and act to stabilize 
and modify the textural quality of processed foods. Gums are produced during tree wound-
response and are produced commercially by making short, transverse cuts in the tree bark 
(Albersheim, 2011). Pectin also has a wide range of applications in the food industry (pectins are 
estimated to constitute a multi-billion dollar industry). Pectin has a diverse array of uses 
including as a gelling agent in jams, jellies and preserves, a substitute for vegetable glue in the 
cigar industry and adding viscosity to yogurt and mustard (May 1990).  
 
1.12.2 Medicinal and physiological 
   Dietary fiber consists of cell wall components including cellulose, lignin and hemicelluloses 
(water insoluble), and pectins gums and mucilages (water-soluble) and is of great relevance for 
human nutrition. The dietary fiber hypothesis postulates that high fiber intake can lower the risk 
of diseases common to a Western lifestyle (e.g., chronic bowel disease, diabetes, coronary heart 
disease and colon cancer). Pectins also have a long recognised broad range of medicinal 
applications (Eastwood and Robertson, 1978). Pectins have important medical uses as soothing 
and protecting agents for irritated or inflamed mucosal tissues, the respiratory tract and 
alimentary tract (Hamauzu et al., 2008) , but also have applications in assisting coagulation 
during bleeding (Norton et al, 1942) and as laxatives (Spiller et al., 1979). Bioactive pectins are 
also responsible for the medicinal properties of many medicinal herbs such as Bupleurum 
falcatum, Panax ginseng, Veronica kotschynan and Aloe Vera (Leung et al., 2006). For example, 
acetylated mannans, the major fraction of Aloe vera mucilaginous gel, are thought to be 
responsible for the healing properties of Aloe Vera. Indeed, purified acetylated mannans have 
been shown to stimulate leukocytes and lymphocytes and trigger the release of interlukin 1 and 
interlukin 6, as well as the tumor necrosis factor TNF-α. In addition, an in vitro model modified 
citrus pectin (MCP) has been shown to inhibit proliferation of human and mouse prostate cancer 
cells (Yan and Katz, 2010). 
 
1.12.3 Textiles and construction 
      Plant cell wall components are also a critical resource for many textile and construction 
processes. Plant fibers such as seed hair, fruit, leaf and bast fibers are used for the production of 
threads, fabrics, cordage, nets, paper, tea bags etc., while as one of the world’s most abundant 
industrial raw materials wood is composed almost entirely of plant cell walls. Chapter 1 
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1.12.4 Biofuels 
   The fact that global energy needs are currently overwhelmingly meet by a finite supply of fossil 
fuels and, together with concerns about global climate change, has led to an upsurge of interest in 
the use of biofuels as carbon neutral sources of energy (Somerville, 2007). Cellulosic ethanol is a 
prospect for biofuel production (amongst corn and cane ethanol, biodiesel and others) and is 
based on the release of cell wall polysaccharide and conversion to ethanol by fermentation. 
Typically, the process involves; 1) treatment of pulverized biomass with hot acid to partially 
hydrolyse cell wall polysaccharides followed by treatment with cellulase and glycosidases, 2) 
fermentation of the soluble fraction to produce ethanol, 4) burning of residual insoluble material 
(mostly lignin) to generate energy for the overall process (Somerville, 2007). The ability to 
genetically manipulate many of the cellulosic ethanol biomass feed-stock plants, including rice, 
maize, sorghum, poplar and switchgrass, raises the possibility of custom engineering plants for 
biofuel production. For example, efforts are underway to transfer the production of cell-wall-
deconstructing enzymes from microorganisms to plants. This would be advantageous as 
production of the enzymes in planta in the field requires lower energy input relative to microbial 
production. These heterologously expressed enzymes could then be extracted from the plant total 
soluble protein and added to pre-treated crop biomass for conversion into fermentable sugars 
(Oraby et al., 2007; Ransom et al., 2007; Teymouri et al., 2004). 
   For example, heterologous expression of an Acidothermus cellulolyticus endo-1,4-β-glucanase 
enzyme  (E1) in rice has been successfully applied to cellulosic ethanol production. The E1 
enzyme was recovered and applied in the pre-treatment of rice and maize biomass where is was 
able to convert up to 30% of the cellulose into glucose (Oraby et al., 2007). Poplars have 
emerged as a model system for tree molecular biology (Bradshaw et al., 2000; Brunner et al., 
2004; Taylor, 2002; Wullschleger et al., 2002) and have been identified as a potential feedstock 
for biomass and renewable energy source (Sannigrahi et al., 2010). The potential usefulness of 
engineering customised plants for biofuel production is highlighted by a study in which 
Cinnamoyl-CoA reductase (CCR) is downregulated in Poplar (Boudet et al., 2003). CCR 
catalyzes the first step in the biosynthesis of lignin, an integral component of plant secondary cell 
walls. CCR down-regulated plants were more easily hydrolyzed by cellulosomes of Clostridium 
cellulolyticum  and proportionally released twice as much sugars as controls. Access of 
hydrolyzing agents to plant cell wall polysaccharides is critical for the use of biomass as a 
renewable energy resource, so the down-regulation of CCR in poplar demonstrated the potential 
value of engineering plants with altered cell wall structures. 
      A similar approach examines the consequences of down-regulation of UDP-glucuronate 
decarboxylase in tobacco for cellulose extractability (Bindschedler et al., 2007). UDP-
glucuronate decarboxylase produces UDP-xylose, the donor for plant cell wall hemicellulose 
xylans. Delignification of plant cell walls is influenced by the hemicelluloses present, so General Introduction 
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modification of hemicelluloses could influence the accessibility of cellulose during biofuel 
production. Using an RNA interference (RNAi) approach to down regulate UDP-glucuronate, 
transgenic tobacco with altered cell wall hemicellulose content have been produced 
(Bindschedler et al., 2007). However, these lines failed to show increased cellulose extractability 
and contrary to expectation proved more difficult to delignify (Bindschedler et al., 2007). 
Clearly, a better and more detailed understanding of plant cell wall structure and biosynthesis as 
well as the functions of plant cell wall components will contribute to overcoming the natural 
resistance of plant cell walls to enzymatic hydrolysis and help meet the challenges of efficient 
biofuel production (Mohnen, 2008; Ragauskas et al., 2006). 
1.13 RHAMNOGALACTURONAN II (RG-II): A STRUCTURE IN SEARCH OF 
FUNCTION 
1.13.1 What is known about RG-II structure? 
   Of all of the cell wall unknowns, the nature of the RG-II structure-function relationship that has 
resulted in such a complex yet widely conserved polysaccharide is perhaps the most intriguing. 
RG-II is a highly complex low molecular weight pectic polysaccharide that forms ~10% of total 
cell wall pectin (Carpita, 1996). With a backbone of at least eight 1,4-linked α-D-GalpA residues 
decorated with four structurally distinct side chains (A-D), RG-II contains a total of 13 different 
monosaccharides with at least twenty different linkages (Darvill et al., 1978; Glushka et al., 2003; 
Melton et al., 1986; Pellerin et al., 1996; Puvanesarajah et al., 1991; Spellman et al., 1983a; 
Spellman et al., 1983b; Stevenson et al., 1988; Thomas et al., 1989; Vidal et al., 2000; 
Whitcombe et al., 1995; York et al., 1985). Residues include; L-arabinose (Ara), D-xylose (Xyl), 
D-glucuronic acid (GalA), D-glucuronic acid (GlcA), D-glucose (Glc), D-mannose (Man), MeXyl, 
L-aceric acid (AceA), 3-deoxyd-lyxo-2-heptulosaric acid (Dha), L-Gal, 1-O-methyl  L-Fucose 
(MeFuc), apiose (Api), 2-keto-3-deoxymanno-octulosonic acid (Kdo), L-rhamnose (Rha). 
The failure to resolve HG, RG-I and RG-II by size exclusion chromatography prior to 
fragmentation by endopolygalacturonase (EPG) digestion (Keegstra et al., 1973; York et al., 
1996) and other available evidence (Benen et al., 1999; Popper and Fry, 2008) suggesting that 
these pectic polysaccharides are covalently linked via backbone residues (Caffall and Mohnen, 
2009). RG-II has been shown to exists in primary cell walls as a 1:2 borate-diol ester linked 
dimer via the apiofuranosyl (Apif) residues of side chain A (Ishii et al., 1999; Kobayashi et al., 
1996; O'Neill et al., 1996). Despite its complexity, RG-II structure is largely conserved 
throughout the primary cell walls of all dicotyledons, monocotyledons, gymnosperms, 
pteridophytes, and lycophytes studied suggesting RG-II is present in the walls of all vascular 
plants. Considering the quantitatively low level but largely conserved nature of RG-II, together 
with the large amount of energy plants expend to synthesis such a complex polysaccharide (it has 
been estimated to require at least 50 enzymes to synthesis and assemble RG-II sugar residues). Chapter 1 
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The ability of RG-II to self-assemble into a boron cross-linked dimer has been suggested as the 
force responsible for this conservation (Bar-Peled et al., 2012); supported by studies 
demonstrating that mutants with altered RG-II structure and thereby decreased borate cross-
linking have severe growth and development defects (Ahn et al., 2006; Delmas et al., 2008; 
Noguchi et al., 2003; O'Neill et al., 2001; Reuhs et al., 2004; Voxeur et al., 2011).  
 
Figure 1.6 The structure of RG-II backbone and attached side chains (A-D). The exact 
sequence of the side chains along the backbone and the attachment points are not know. The 
apiose residue that participates in the formation of the borate diester cross-link between two RG-
II molecules is labelled B. Asterisks label sugar residues absent in some RG-II molecules. 
Adapted from Albersheim (2011).    General Introduction 
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1.13.2 Mutants affecting RG-II structure and/or cross-linking 
1.13.2.1 bor1, a boron transporter mutant 
   Although not directly affected in RG-II glycosyl residue composition, the Arabidopsis mutant 
bor1 is sensitive to boron deficiency with a severely dwarfed phenotype when grown in low 
levels of boron (Noguchi et al., 1997). BOR1 encodes a boron transporter responsible for boron 
export from pericycle cells into the root apoplasm (Takano et al., 2002). The bor1 mutant is 
therefore impaired in root-to-shoot boron transport resulting in lower boron concentrations in 
rosette leaves and reduced RG-II cross-linking in the cell wall, from >90% in wild-type to ~40% 
in bor1(Noguchi et al., 2003). bor1 plants growth and RG-II cross-linking can be restored to 
wild-type levels using high boron concentration (Noguchi et al., 1997). Similarly, T-DNA 
insertion lines of NIP5 gene, which has been shown to encode a major intrinsic protein (MIP) 
responsible for import of boric acid into epidermal, cortical and endodermal cells,  have increased 
sensitivity to B deficiency (Takano et al., 2008; Takano et al., 2002; Wallace et al., 2006).   
 
1.13.2.2 mur1, an L-fucose deficient mutant 
   A large unbiased genetic screen of a mutagenized population of ~10,000 Arabidopsis M2 plants 
in which the total cell wall sugar composition of every plant was tested, identified the mur1  
mutant which lacks fucose in the aerial parts of the plant and has a dwarfed phenotype and cell 
walls that are more sensitive to breakage under force (Reiter et al., 1993). The wall 
polysaccharides RG-II, xyloglucan and the N-linked complex glycan side chains of glycoproteins 
are all affected by the fucose absence in the mur1 mutant. The missing fucose of xyloglucan is 
partially replaced by L-galactose, changing the repeating nonasaccharide XXFG to XXLG. As an 
in vivo function for the XXFG oligosaccharins had been proposed (exogenous application of 
XXFG had been shown to inhibit auxin-induced elongation growth (McDougall and Fry, 1989; 
York et al., 1984)) the alteration to xyloglucan in mur1 was considered a potential candidate for 
the developmental and cell wall defects. However, this is unlikely considering the mur2 mutant, 
which lacks the fucosyltransferase that adds the terminal fucose to xyloglucan and thus lacks 
XXFG, does not show any major growth and development defects (Vanzin et al., 2002). 
Similarly, the absence of L-fucose residues on the N-linked complex glycan side chains of 
glycoproteins synthesized by mur1 are also unlikely to be responsible for the mur1 phenotypes 
considering the Arabidopsis cgl1 mutant, which lacks synthesizes glycoproteins lacking L-fucose, 
grows normally (Vonschaewen et al., 1993), suggesting alterations to RG-II structure as the most 
likely candidate for causing the mur1 phenotypes. The fucose-deficient mutant mur1 has an 
altered RG-II structure with the fucose residues of side chain A and B replaced by galactose 
residues (Reiter et al., 1993; Reuhs et al., 2004; Zablackis et al., 1996). The xylose content of 
mur1 is also reduced; a xylose residue normally attaches to the fucose of side chain A but 
glycosyltransferase activity is presumably reduced when galactose is used as the acceptor Chapter 1 
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(O'Neill et al., 2001). These changes in RG-II structure lead to a reduction in dimer formation 
and dwarfed growth phenotype. As with bor1, exogenous application of boron can restore growth 
to wild-type levels and restore cell wall strength (O'Neill et al., 2001; Ryden et al., 2003) (Fig. 
1.7).  Cloning  of  the  MUR1  gene  from  Arabidopsis  and  biochemical  analysis  using  the 
recombinantly expressed protein have demonstrated that MUR1 encodes a GDP-D-mannose-4,6-
dehydratase which is required for the de novo synthesis of the activated form of L-fucose, GDP-
L-fucose (Bonin et al., 1997). 
   Side chian C of RG-II consists of a disaccharide comprised of Kdo and Rha residues linked to 
the O-3 of the GalA backbone via the Kdo residue. In Arabidopsis, knockouts of the KdsB or 
KdsA genes, which are required for Kdo synthesis and activation, result in an inhibition of pollen 
tube elongation (Delmas et al., 2008; Kobayashi et al., 2011). Crosses between KdsB and qrt1, a 
mutant in which the four pollen grains derived from a single microspore mother cell do not 
separate (Preuss et al., 1994), have demonstrated that haploid KdsB pollen can germinate in vitro 
but produce short fat pollen tubes (Kobayashi et al., 2011). This failure in pollen tube elongation 
has limited the usefulness of gene knock-out approaches targeting the Kdo residue. 
 
1.13.2.3 mgp4, a putative pectin glucuronyltransferase  
   The Arabidopsis mutant male gametophyte defective 4 (mgp4) also has impaired pollen tube 
growth and has been has been implicated in RG-II biosynthesis as a putative xylosyltransferase. 
The role of mgp4 in vegetative development was investigated by introducing full-length MGP4 
cDNA  under  the  control  of  a  pollen  specific  promoter  into  heterozygous  mgp4  plants. 
Homozygous  pollen-rescued  mgp4  (PRmgp)  plants  were  selected  and  found  to  have  severe 
defects in root growth (Liu et al., 2011) (Fig. 1.7). Primary root lengths of 7-day-old PRmgp 
seedlings grow to only 5% the length of wild-type seedlings and root cells are swollen  and 
disordered. Analyses of RG-II structure from PRmgp seedlings show a 30% reduction in MeXyl, 
as well as a 17% reduction in MeFuc and Api residues. In Nicotiana plumbaginifolia, using a leaf 
disk  cultures,  the  nolac-H18  (non-organogenic  callus  with  loosely  attached  cells)  mutant 
defective in the pectin glucuronyltransferase, NpGUT1 (glucuronyltransferase 1), has reduced 
RG-II glucuronic acid and reduced RG-II dimer formation resulting in a loss of intercellular 
attachment in the plant meristem (Iwai et al., 2002). Using an inducible antisense approach to 
knockdown  in  tobacco  it  has  since  been  shown  that  NpGUT1  is  required  for  normal  plant 
reproductive tissue development and fertilization (Iwai et al., 2006). However, it should be noted 
that RG-II structure has been shown to be unaffected in mutants of the homologues Arabidopsis 
genes  IRX10  and  IRX10-L  and  an  alternative  function  in  glucuronoxylan  synthesis  during 
secondary cell wall formation proposed (Wu et al., 2009).  General Introduction 
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1.13.2.4 Gene silencing of NbAXS1, a UDP-D-apiose/UDP-D-xylose synthase 
   Virus induced gene silencing (VIGS) of NbAXS1, a UDP-D-apiose/UDP-D-xylose synthase, in 
Nicotiana benthamiana reduces available Api (Ahn et al., 2006). Mutant cell walls also contain 
reduced levels of MeFuc and MeXyl, markers for RG-II side chains A and B respectively, both of 
which  are  attached  to  the  RG-II  backbone  via  Api  residues.  These  deficiencies  resulted  in 
excessive cell wall thickening, wall gaps and cell death which may be a result of defects in RG-II 
synthesis and/or stability leading to reduced boron cross-linking and abnormal pectin network 
formation. 
 
1.13.2.5 GDP-D-mannose 3,5-epimerase (GME)-silenced tomato 
   In tomato RNAi-silencing of a GDP-D-mannose 3,5-epimerase (GME), the gene responsible for 
the production of L-Gal, results in a 60% reduction in L-Gal content of RG-II side chain A and 
reduction in RG-II dimer formation (Voxeur et al., 2011). GME-silenced lines display reduced 
aerial and fruit growth as a result of cell division and cell elongation defects again demonstrating 
the importance of RG-II dimer formation for normal growth and development (Fig. 1.7) (Gilbert 
et al., 2009). 
 
1.13.2.6 mgp2, a sialyltransferase-like mutant 
   Despite the evidence suggesting a lack of sialic acid pathways in plants, several CMP-sialic 
acid transporter-like proteins (CSTLPs) have been identified in Oryza sativa and Arabidopsis. 
Similarly,  several  plant    sialytransferse  orthalogues  have  been  identified  including  three  in 
Arabidopsis  (Daskalova  et  al.,  2009;  Takashima  et  al.,  2006).  One  of  these,  the  MALE 
GAMETOPHYTE  DEFECTIVE  2  gene  encodes  a  sialyltransferase-like  protein  and  has  been 
shown to be required for normal pollen germination and pollen tube growth (Deng et al., 2010).  
Detailed phenotypic analysis the mgp2-1 mutant has shown that mpg2-1 is specifically inhibited 
in pollen germination and pollen tube growth. In the absence of evidence for sialic acid in plants, 
it has been suggested that the sialic acid-like transferases and transporters are in fact functioning 
in  the  Kdo  pathway  in  plants,  which  would  be  consistent  with  a  series  of  results  which 
demonstrate  loss  of  male  gametophytic  function  in  mutants  of  genes  involved  in  Kdo 
biosynthesis and incorporation (Delmas et al., 2008; Deng et al., 2010; Takashima et al., 2009).  
 
1.13.2.7 Rhamnogalacturonan specific xylosyltransferases (RGXTs) 
   The  Rhamnogalacturonan  specific  xylosyltransferases  RGXT1  (At4g01770),  RGXT2 
(At4601750),  RGXT3  (At1g56550)  and  putatively  MGP4  (At4g01220)  are  proposed  to 
participate in the synthesis of the (1,3)-a-D-linked Xyl-L-Fuc structure of side chain A of RG-II 
(discussed in greater detail in Chapter 7).  Chapter 1 
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Figure 1.7 Mutants affected in RG-II structure and/or boron-mediated dimer formation.  
(A) In vitro germinated pollen grains from +/kdsb; qrt/qrt plants. Red arrowheads indicate pollen 
tetrads with three pollen tubes. White arrowheads indicate short, fat or irregularly shaped pollen 
tubes. Bar =100 nm. From Kobayashi et al. (2011). (B) Wild-type and GME-silenced (L-66) 
tomato seedlings grown in MS media alone or supplemented with 1.2 mM  boron, from  Voxeur 
et  al.  (2011).  (C-D)  Pollen-rescued  MGP4  (PRmpg)  has  severely  disrupted  root  growth  and 
swollen  cells.  Wild-type  (C)  and  PRmgp4  (D).  Bar  =40  µm.  From  Liu  et  al.  (2011).    (E) 
Arabidopsis mutant bor1 is sensitive to boron deficiency, wild-type (left) and bor1 (right), from 
Takano  et  al.  (2002).  (F)  RG-II  structure  is  altered  in  the  fucose  biosynthesis  mutant  mur1 
resulting in reduced dimer formation and a dwarfed phenotype.  Normal growth can be restored 
with exogenous boron or fucose, from O’Neill et al. (2001). (G-H) Scanning electron microscopy 
of control and nolac-H18 callus formed on Nicotiana plumbaginifolia leaf-disks. Bar =50µm. 
From Iwai et al. (2002). (I-J) Virus-induced gene silencing of a UDP-d-apiose/UDP-d-xylose 
synthase  (NbAXS1)  in  Nicotiana  benthamiana.  Transmission  electron  micrographs  of  leaf 
mesophyll cells from control (I) and NbAXS1-silenced line (J). Bar =4µm. From Ahn et al. 
(2006). 
 
1.13.2 RG-II: A function beyond cross-linking? 
   The available mutants and their RG-II profiles suggests that even small alterations to RG-II 
structure leads to a reduction in dimer formation with severe consequences for plant growth and 
development (Ahn et al., 2006; Delmas et al., 2008; Egelund et al., 2008; Egelund et al., 2006; 
Iwai et al., 2006; Mohnen, 2008; Noguchi et al., 1997; O'Neill et al., 2001; O'Neill et al., 2004; 
Reiter et al., 1993; Reuhs et al., 2004; Scheller et al., 2007; Takano et al., 2002; Voxeur et al., 
2011). This makes it possible to speculate that the RG-II structure/function relationship can in 
part  be  explained  by  RG-II  self-assembly  into  a  borate  cross-linked  dimer,  and  that  RG-II 
structure is largely conserved across plant species because mutations affecting RG-II structure 
ultimately lead to impaired pectin network formation and therefore detrimental to plant growth. 
However, its complexity indicates that it is likely to have complex roles beyond performing a 
structural function via boron mediated crosslinking. It has been shown that oligogalacturonides 
(OGAs)  which  are  short  polymers  of  α-1,4-D-GalA  derived  from  fragmentation  of 
homogalacturonan  function  as  signalling  molecules triggering  defence  responses  and altering 
plant development (Ridley et al., 2001). Interestingly, the OGAs in some cases appear to have the 
opposite  developmental  effect  to  that  of  auxin  (Altamura  et  al.,  1998;  Branca  et  al.,  1988; 
Eberhard  et  al.,  1989).  It  is  possible  that  different  oligosaccharins  derived  from  the  RG-II 
polymer or linked to HGA OGAs may also have a range of specific signalling roles in the plant 
determined by the nature of the side chain branches. Further insight into RG-II structure and 
function is therefore critical for a fuller understanding of how chemical heterogeneity of the cell 
wall contributes to cell and tissue function (Burton et al., 2010). 
1.14 BORON IN VASCULAR PLANTS? 
   While it has long been known as an essential micronutrient for plant growth (also essential to 
cyanobacteria, algae, fungi and animals) it is only recently that its biochemical roles have begun Chapter 1 
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to be understood. At close to neutral pH found in most biological fluids boron is found 
predominantly as boric acid (~96%) with small amounts of borate anion. Both boric acid and 
borate readily form complexes with a broad range of sugars and other cis-hydroxyl groups. In 
plants the primary function of boron has been attributed to RG-II dimer formation and boron 
deficiency can have severe consequences for normal growth and development of vascular plants, 
with obvious importance for agriculture. However, excessive boron can also be toxic for plants. 
In the absence of evidence that boron toxicity is a result of effects upon processes requiring boron 
(e.g. its role in the cell wall) it is most likely that boron toxicity is a result of its affinity for 
several key metabolites, principally ribose (Reid et al. 2004) . 
1.15 RG-II BIOSYNTHESIS 
   Complex cell wall polysaccharides are produced from activated sugars (nucleoside diphosphate 
sugars, NDP-sugars, sugar nucleotides) that contain a monosaccharide attached to the terminal 
phosphate of a ribonucleoside diphosphate. The starting material for these NDP-sugars is a pool 
of five hexose monophosphates (Glc-1-P, Glc-6-P, Fru-6-P, Man-6-P and Man-1-P). 
The transport of cytoplasmically synthesized NDP-sugars into the ER and Golgi cisternae is 
mediated by specific nucleotide sugar transporters (NSTs); membrane-spanning transporter 
proteins that function as antiporters, exchanging NMP for specific NDP-sugars (See Chapter 6 
for further details). RG-II synthesis has been estimated to require more than fifty enzymes 
including nucleotide sugar synthases, transporters, glycosyltransferases and side chain modifying 
enzymes. Therefore, the mutants discussed above represent a relatively small proportion of the 
total and this is reflected by the number of unknowns in RG-II biosynthesis and assembly. Are 
the backbones of HG, RG-I and RG-II covalently linked? Other than RG-II boron cross linking, 
what other molecular interactions might be important for RG-II function? Where are each of the 
RG-II nucleotide sugars synthesised? The RG-II polysaccharide is likely assembled in the Golgi 
cisternae but precisely how is RG-II assembled and what are the enzymes responsible? When and 
where does RG-II dimerize and is this a spontaneous self-assembly process or are enzymes 
required? Are RG-II side chains attached to a pre-existing homogalacturonan or is backbone 
extension coupled to side chain decoration, and if does RG-II require specific GalA transferases? 
Are RG-II side chains assembled one residue at a time or in segments that are assembled en bloc? 
How important are the O-methylation and O-acetylation of some RG-II side chain sugars for 
function and what are the enzymes responsible (Bar-Peled et al., 2012)? 
1.16 KDO AS A TARGET FOR DISRUPTING RG-II  
   The isolation of mutant plants with altered RG-II structure will be important for establishing a 
detailed structure-function relationship of RG-II during plant growth and development. Although 
gene knockout approaches in plants have successfully altered the structure of RG-II side chains A General Introduction 
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and B as well as RG-II dimer formation (Ahn et al., 2006; Iwai et al., 2006; Noguchi et al., 1997; 
Reiter et al., 1993; Reuhs et al., 2004; Takano et al., 2002), to date there has been no reported 
disruption of the shorter RG-II side chains (C and D) in the sporophytic generation. RG-II side 
chains C and D consist of α(1,5)-linked Rha-Kdo and β(1,5)-linked Ara-Dha disaccharides, 
attached to the GalA backbone via the Kdo/Dha residues, respectively. Of these four residues 
Kdo is the stand-out most attractive target for altering RG-II structure in plants for two reasons; 
(1) Kdo biosynthesis is very well characterised in bacteria and plant homologues have been 
identified, (2) In plants Kdo has only been found as a component of RG-II side chain C and links 
directly to the RG-II backbone, therefore, disruption of Kdo biosynthesis would likely result in 
the complete loss of RG-II side chain C and any resulting growth or developmental defects could 
be safely attributed to the altered RG-II structure. 
1.17 BACTERIAL Kdo SYNTHESIS AND PLANT HOMOLOGUES  
1.17.1 The Kdo biosynthetic pathway as a target for drug discovery 
   Before it was identified as a component of RG-II, Kdo was considered unique to prokaryotes as 
a component of the lipopolysaccharide (LPS) of Gram-negative bacteria. The lipopolysaccharide 
(LPS) makes up the outer leaflet of the outer membrane of Gram-negative bacteria and is 
essential for membrane integrity. The LPS has a tripartite structure that typically consists of a 
lipid A moiety anchoring the LPS to the bacterial membrane, a core oligosaccharide domain and 
outermost O-antigen. While the LPS can be highly variable, Kdo is a highly conserved 
component. In most cases, the lipid A substituted by Kdo (Kdo2-lipid A, also known as Re LPS) 
is the minimum requirement for Gram-negative bacteria OM integrity and cell viability. As such, 
the potential of the Kdo biosynthetic pathway for the development of new antibacterial agents has 
long been recognised and although a number of in vitro inhibitors developed none had in vitro 
action. The increase in multi-drug resistant pathogens has underlined the importance of 
developing new antibacterial agents and recently attention has once again focused on the Kdo 
biosynthetic pathway as a route to drug discovery. Further details including crystal structures and 
models of the structure based mechanism for many of the enzymes have been added to the 
already well characterized pathway. Chapter 1 
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Figure 1.8 Biosynthesis, activation and incorporation of Kdo. Kdo is an essential component 
of Gram-negative lipopolysaccharide (LPS). The bacterial Kdo biosynthetic pathway has been 
well characterized and involves five enzymes; (1) d-arabinose 5-phosphate isomerase (KdsD) 
converts d-ribulose-5-phosphate (Ru5P) into d-arabinose-5-phosphate (A5P), (2) Kdo-8-P 
synthase (KdsA) catalyses the condensation of A5P and phosphoenol pyruvate (PEP) to generate 
Kdo-8-phosphate (Kdo-8-P), (3) Kdo-8-P phosphatase (KdsC), (4) Prior to incorporation into the 
LPS the dephosphorylated Kdo is activated by coupling to CMP in a reaction catalyzed by CMP-
Kdo synthetase (KdsB) and (5) The bacterial lipid A is finally substituted with the activated Kdo 
to give Kdo2-lipid A, requiring the enzyme Kdo transferase (KdoT). This pathway is almost 
completely conserved in plants and many of the genes identified in Arabidopsis (Wu et al., 2004).  
 
1.17.2 Kdo biosynthesis and incorporation in bacteria 
1.17.2.1 Arabinose 5-phosphate isomerise (KdsD) 
   The Kdo biosynthetic pathway has been well characterised in bacteria and after mush attention 
in the 1970’s and 80’s has again been the focus of recent research efforts (Belunis et al., 1995; 
Brabetz and Brade, 1997; Clementz and Raetz, 1991; Rick et al., 1977; Rick and Osborn, 1977; 
Woisetschlager and Hogenauer, 1987). The E. coli  KdsD encodes an arabinose 5-phosphate 
isomerise, responsible for the synthesis of D-arabinose 5-phosphate (A5P), the first intermediate 
in the Kdo biosynthesis pathway by the reversible aldol-keto isomerisation of D-ribulose 5-
phosphate (Ru5P). The KdsB protein contains an N-terminal sugar isomerise (SIS) domain 
characteristic of aldo-keto isomerases but the residues of the catalytic site has yet to be identified. 
A proposed biocatalytic mechanism based upon the action of glucose 6-phosphate isomerise has 
been used to develop a range of possible KdsD inhibitors (Cipolla et al., 2008). 
 General Introduction 
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1.17.2.2 Kdo-8-P synthase (KdsA) 
   The Kdo-8-P synthase (KdsA) catalyzes the condensation of A5P and phosphoenol pyruvate 
(PEP) to generate Kdo-8-phosphate (Kdo-8-P). The E. coli Kdo-8-P has been well studied and 
crystal structures together with NMR data reveal that the enzyme has a tetrameric quaternary 
structure with an active site in each monomer. The catalytic mechanism of KdsA is thought to 
occur by correct substrate proximity and orientation through a series of sequential conformational 
changes in which PEP binding precedes A5P, and the release of inorganic phosphate (Pi) 
precedes dissociation of the Kdo-8-P product (Kaustov et al., 2000). Attempts to generate 
effective inhibitors of KdsA identified several potent in vitro inhibitors, however these were 
ineffective against in vivo as Gram-negative bacteria specific antibacterial agents.  
 
1.17.2.3 Kdo-8-P phosphatase (KdsC) 
   The E. coli Kdo-8-P phosphatase (KdsC) catalyzes the hydrolysis of Kdo-8-P to Kdo and Pi. 
Although first purified and characterized more than 30 years ago, the Kdo-8-P phosphatase is the 
last of the Kdo biosynthesis genes to be identified. KdsC encodes a 188 amino acid protein that is 
a member of the haloacid dehalogenase superfamily (HADSF), one of the largest and most 
ubiquitous enzyme superfamilies yet reported (Allen and Dunaway-Mariano, 2004). HADSFs are 
found in both eukaryotes and prokaryotes and catalyse phosphoryl transfer from a diverse set of 
substrates and have been implicated in a wide range of biological functions (Deshpande and 
Wilson, 2004; Diaz et al., 2008; Ghosh et al., 2008; Kim et al., 2007; Lahiri et al., 2002; 
Toyoshima et al., 2000). HADSF proteins are characterized by a conserved mixed α/β Roosmann 
fold and conserved nucleophilic aspartate essential for its chemistry. KdsC is a member of the C0 
subfamily that lacks the cap domain typical of most HADSFs, and is unusual amongst C0 
subfamily members due to its high catalytic efficiency and narrow substrate specificity 
(Kuznetsova et al., 2006; Wu and Woodard, 2003). Using a series of crystal structures of the 
KdsC-ligand complex spanning the various conformational intermediates of the KdsC reaction 
pathway a mechanistic model of KdsC activity has been proposed (Biswas et al., 2009).  
 
1.17.2.4 CMP-Kdo synthase (KdsB) 
   The CMP-Kdo synthase enzyme (KdsB) catalyzes the activation of Kdo by the addition of Kdo 
to CTP to form the nucleotide sugar CMP-Kdo and pyrophosphate (PPi). As with other Kdo 
biosynthetic enzymes, the importance of KdsB as a target for the development of antibacterial 
agents has long been recognised and in vitro inhibitors have been generated. However, all KdsB 
inhibitors tested to date have shown no in vitro activity due to an inability to cross the plasma 
membrane and reach the target enzyme in the cytoplasm. Several protein crystal structures have 
been reported for KdsB including capsule- and LPS-specific isoforms and  the ternary complex 
form by the E. coli LPS-specific KdsB with CTP and substrate analogue 2β-deoxy-Kdo (Heyes et Chapter 1 
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al., 2009; Jelakovic and Schulz, 2001; Jelakovic and Schulz, 2002). The ligand-bound KdsB 
crystal structure made it possible to identify key residues of the active site and a mechanism of 
catalysis has been proposed in which Mg-A activates the Kdo β-anomeric hydroxyl group for a 
nucleophilic attack on the CTP α-phosphate. These crystallography-determined models are part 
of current efforts to develop new KdsB inhibitors able to cross the plasmalemma (Professor Ian 
Roberts, personal communication). 
 
1.17.2.5 Kdo transferase (WaaA) 
   The membrane embedded glycosyltransferase WaaA is a  Kdo transferase responsible for the 
addition of the activated CMP-Kdo to the 4’-phosphorylated lipid A precursor. The recently 
reported crystal structure of a WaaA from the ancient hyperthermophilic Gram-negative 
bacterium, Aquifex aeolicus has allowed mechanistic analysis of a Kdo transferase. Larger 
structural changes upon substrate binding result in reorientation of the Kdo-binding loop and 
domain closure prior to Kdo transfer).       
 
1.17.3 The Kdo biosynthesis pathway is conserved in plants 
1.17.3.1 Many plant Kdo synthesis enzymes have been identified and characterized 
   Interestingly,  the  Kdo  biosynthetic  pathway  is almost completely conserved in plants and 
homologues of the A5P isomerade (KdsD),  Kdo-8-P synthase (KdsA), Kdo-8-P phosphatase 
(KdsC) and CMP-Kdo synthase (KdsB) enzymes identified in Arabidopsis (Wu et al., 2004) 
(Table 1.2). The enzyme activity and kinetics of the Arabidopsis Kdo-8-P synthase and CMP-
Kdo synthase have been reported. Mutant analysis in Arabidopsis has revealed a critical role in 
pollen tube elongation for the AtKdsD, AtKdsA, and AtKdsB (Delmas et al., 2008; Kobayashi et 
al., 2011; Lalanne et al., 2004), and GFP fusion proteins have been used to study the subcellular 
localization of plant KdsB and KdoT (Kobayashi et al., 2011; Seveno et al., 2010). 
 
1.17.3.2 A note on nomenclature 
   For consistency the nomenclature typical of the E. coli Kdo biosynthesis genes (e.g. KdsD, 
KdsB, KdsC) has been applied to the corresponding plant homologues (an Arabidopsis KdsB 
homologue is AtKdsB, while the Maize homologue is ZmKdsB). However, it should be noted that 
there are variations naming conventions employed in the literature and some synonyms are listed 
in Table 1.2.  
 
1.17.3.3 Evidence for an arabinose-5-phosphate isomerase in Arabidopsis (AtKdsD) 
   A  putative  Arabidopsis  arabinose-5-phosphate isomerase (AtKdsD, locus At3g54690) was 
identified by Wu et al. (2004) on the basis of sequence identity with its E. coli counterpart. 
Although this plant protein has not been purified and its activity confirmed this is some General Introduction 
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circumstantial supporting evidence from the characterization of a transposon insertion mutant of 
AtKdsD. A large forward genetic screen of a population of Arabidopsis Ds transposon insertion 
lines designed to identify genes with essential roles in male gametophytic development identified 
a male-specific mutant, seth3 affected in pollen functions during progamic development. By 
sequencing the Ds flanking regions seth3  was identified as an Atkdsd mutant completely 
defective in male transmission of the mutant allele (TEmale = 0%) (Lalanne et al., 2004). This is 
in-line with the detection of AtKdsD expression during pollen germination and pollen tube 
elongation in a genome array (Wang et al., 2008) and consistent with other Kdo biosynthesis 
mutants in Arabidopsis which have been reported to gametophyte-lethal (Delmas et al., 2008; 
Kobayashi et al., 2011).    
 
1.17.3.4 Plant Kdo-8-phosphate synthases (KdsAs) 
      The first evidence for the existence of a plant Kdo 8-phosphate synthase (KdsA) was the 
detection of KDO-8-P synthase-like activity in eight different plant species and the partially 
purification and characterized of a KdsA from spinach (Doong et al., 1991). A plant KdsA was 
subsequently identified in Pisum sativum L. (pea) by complementation of a temperature-sensitive 
kdsA
ts mutant of Salmonella enteria (Brabetz et al., 2000). More recently the KdsA from 
Arabidopsis (AtKdsA) was cloned and recombinantly expressed in E. coli and the enzyme 
kinetics characterized (Matsuura et al., 2003; Wu et al., 2004). The Arabidopsis enzyme was 
shown to catalyse the condensation of A5P and PEP to generate Kdo-8-P with a similar 
efficiency (kcat) (5.9 and 6.8 s
-1 for Arabidopsis and E.coli, respectively) and substrate specificity 
as the E. coli KdsA. The only significant difference noted was that while the bacterial KdsA is 
tetrameric in solution, the Arabidopsis protein is dimeric, possibly due to residue differences in 
two loop regions implicated in tetramer formation. In Arabidopsis a functionally redundant gene 
pair AtKdsA1 and AtKdsA2 encode Kdo-8-P synthases and while single T-DNA mutants of either 
gene display no development/growth phenotypes, generation of an double knockout mutant is 
impossible due to an inability of haploid pollen tube elongation (Delmas et al., 2008).  
 
1.17.3.5 No plant Kdo-8-P phosphatases? 
   No candidate plant Kdo-8-P phosphatase have been reported in the literature and a homology 
search of all higher plant species (taxa, 3193) using the NCBI protein BLAST search tool fails to 
identify any proteins of significant homology. 
 
1.17.3.6 Plant CMP-Kdo synthases (KdsBs) have been well characterized  
   Plants and bacteria, although incorporating Kdo into different macromolecules, both activate 
Kdo to a nucleotide sugar prior to incorporation by a glycosyltransferase. Kdo is unusual in that it 
is activated to CMP-Kdo by a CMP-Kdo synthase enzyme (KdsB) (both in plants and bacteria). Chapter 1 
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In vitro activity has been demonstrated for KdsB plant homologues (Kobayashi et al., 2011; 
Misaki et al., 2009; Royo et al., 2000b). The homologue from Maize (ZmCKS) was the first plant 
KdsB to be isolated and characterized. The purified ZmKdsB was shown to catalyse the coupling 
of Kdo to CTP to generate CMP-Kdo and pyrophosphate with an efficiency similar to its 
bacterial counterpart (Royo et al., 2000b). Moreover, the Maize ZmKdsB was shown to 
complement temperature sensitive Gram-negative bacteria (S. typhimurium) kdsB mutant (Royo 
et al., 2000b). Based on phylogenetic analysis of KdsB it is suggested that plant KdsBs are a 
result of a horizontal gene transfer from the endosymbiont precursor of mitochondria or from 
endoparasitic eubacteria (Royo et al., 2000a). Two studies have more recently demonstrated 
CMP-Kdo synthase activity for the Arabidopsis homologue which has similar enzymatic 
properties as described for the Maize ZmKdsB (Kobayashi et al., 2011; Misaki et al., 2009). 
Consistent with other Kdo biosynthesis mutants in Arabidopsis self-progeny from +/kdsB plants 
segregated 1:1 for +/+ and +/kdsB plants as a result of no transmission of the mutant allele 
through the male. By analysis of in vitro germinated pollen it was demonstrated that the kdsB 
haploid pollen tube elongation was perturbed (Kobayashi et al., 2011). Additionally, using 
AtKdsB-GFP fusion protein and anti-KdsB antibody approaches, evidence for a mitochondrial 
localisation of Arabidopsis KdsB has been presented and resistance to proteolysis in the absence 
of detergent suggests that AtKdsB localises to the inner membrane of the mitochondria 
(Kobayashi et al., 2011). Nucleotide sugar synthesis would normally be expected to occur in the 
cytosol and as the transfer of Kdo from CMP-Kdo to nascent RG-II is likely to occur in the Golgi 
apparatus, it is difficult to explain why AtKdsB would be found in the mitochondria but the 
presence of a putative N-terminal signal peptide and the identification of AtKdsB in 
experimentally determined mitochondrial proteome (Heazlewood et al., 2004). One explanation 
is that plant mitochondria synthesise a  lipid A-like molecule similar to their eubacterial ancestor 
(Li et al., 2011) and that the activation of Kdo for the synthesis of the putative Kdo2-lipid A 
occurs at the mitochondria. Transport of activated Kdo to the Golgi would allow RG-II to utilise 
the same Kdo synthesizing system.  However it should be noted that in plants, to date, Kdo has 
only been identified as a component of RG-II. 
 
1.17.3.7 A putative plant Kdo transferase (KdtA) 
   The gene AtKdtA (locus At5g03770) encodes a putative Kdo transferase with between 15 to 
35% sequence identity with bacterial KDTAs. Unlike other Kdo biosynthesis genes identified in 
Arabidopsis,  AtkdtA null mutants have no observable phenotype. Similar to studies of the 
Arabidopsis CMP-Kdo synthase, subcellular localization of the AtKDTA in tobacco leaf 
epidermis using a AtKdtA-GFP fusion protein found co-localisation with MitoTracker
®-stained 
mitochondria. The lack of a AtkdtA phenotype together with a mitochondrial localization has led 
to speculation that the Arabidopsis AtKdtA is responsible to the transfer of Kdo to an as yet General Introduction 
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unidentified  lipid  A-like  molecule  on  the  mitochondrial  membrane  (Kobayashi  et  al.,  2011; 
Seveno et al., 2010).  
 
1.17.3.8 Requirement for a CMP-Kdo transporter in plants (AtCSTP1) 
   Although some lines of evidence suggest activation of Kdo to the nucleotide sugar CMP-Kdo 
occurs at the mitochondria (see above), nucleotide sugar synthesis is generally thought to occur 
in the cytosol. Because RG-II assembly is likely to occur in the Golgi  by membrane bound 
glycosyltransferase, a transporter is required for the delivery of CMP-Kdo into the lumen of the 
Golgi. At5g41760 has been identified as putative Kdo transporter based on its ability to rescue a 
Chinese hamster ovary mutant cell line Lec2, deficient in CMP-sialic acid transport  (Bakker et 
al., 2007). Due to the structural similarities between Kdo and Sialic acid, as well as the widely 
accepted absence of Sialic acid in plants, At5g41760 is more likely a Kdo transporter than a 
Sialic acid  transporter.  In  addition,  a  large-scale  genetic  screen  in  Arabidopsis  was  made  to 
identify genes involved in pollen exine (the outer plant pollen wall) production identified a series 
of tex2 mutants with abnormally thin exine and are pollen grains sensitive to lysis after acetolysis 
treatment. Interestingly, the TEX2 protein (gene locus, At5g65000), which is well conserved in 
plant species (≈60-70% identity with orthologs in rice, maize, sorghum, pine and moss) clusters 
with the putative CMP-Kdo transporter (At5g41760) in a multispecies phylogenetic tree of the 
NST family, further evidence for a critical role of many carbohydrate metabolism genes in pollen 
development (Dobritsa et al., 2011). Indeed, the exine genetic screen identified two additional 
putative glycosyl transferases (UPEX1/UPEX2, locus At1g33430 and SPG2 locus At1g27600). 
However, it should be noted that At1g27600 has been recently characterised as IRREGULAR 
XYLEM9-LIKE and been shown to function in glucuronoxylan synthesis in secondary cell wall 
formation (Wu et al., 2010). Chapter 1 
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Table 1.2 Summary of Arabidopsis Kdo biosynthesis genes and related references 
Enzyme Assertions  Identify  References 
A5P isomerase 
(KdsD, SETH3) 
 
NP_191029.1 
(At3g54690) 
 
33  Sequence identity (Wu et al., 2004), male 
gametophyte-lethal mutant (Lalanne et al., 2004), 
expressed in pollen (Wang., 2008) 
Kdo-8-P synthase 
(KdsA, KDOPS) 
 
NP_00118501
1.1 
(At1g16340), 
NP_00115447
7.1 
(At1g79500) 
 
46, 44  Partially characterized spinach KdsA (Doong et al., 
1991), complementation of Salmonella kdsA mutant 
by Pea KdsA (Brabetz et al., 2000), Arabidopsis KdsA 
recombinantly expressed and enzyme kinetics 
characterized (Matsuura et al., 2003; Wu et al., 2004), 
Arabidopsis kdsA male gametophyte-lethal (Delmas et 
al., 2008) 
Kdo-8-P phosphatase 
(KdsC) 
- -  - 
 
CMP-Kdo synthase 
(KdsB, CMPKDO-S, 
CKS) 
NP_175708.2 
(At1g53000) 
 
34  Maize homologue isolated and characterised (Royo et 
al., 2000b), Phylogenetic analysis (Royo et al., 2000a), 
Arabidopsis enzyme kinetics and male gametophyte-
lethal (Kobayashi et al., 2011; Misaki et al., 2009) 
Kdo transferase 
(KdoT, KdtA) 
NP_195997.2 
(At5g03770) 
36  Arabidopsis mutant analysis and subcellular 
localization (Seveno et al., 2010) 
CMP-Kdo 
transporter (CMP-Sia 
transporter, CSTP) 
NP_568596.1 
(At5g41760) 
 
25*  CMP-sialic acid transport activity (Bakker at al., 2007) 
 
Identity; percentage identity with E. coli counterpart. *Percentage identity with human CMP-Sia transporter 
 
1.18 KDO BIOSYNTHESIS MUTANTS ARE LETHAL IN PLANTS AND 
BACTERIA 
   In Arabidopsis null mutants of the Kdo biosynthesis genes so far examined have been shown to 
be gametophyte lethal due to a failure in pollen tube elongation.  In Arabidopsis there are two 
isoforms of the Kdo-8-P synthase, AtKdsA1 and AtKdsA2. Single knockout mutants of either 
isoforms, grow as wild-type (Delmas et al., 2003; Delmas et al., 2008). However, attempts to 
generate a double AtkdsA1 AtkdsA2 knockout have failed due to an inability of haploid Atkdsa1- 
Atkdsa2- pollen grains to form an elongated pollen tube (Delmas et al., 2008). Similarly, attempts 
to obtain a homozygous knockout of the CMP-Kdo synthase, AtKdsB also fail due to impaired 
pollen tube elongation in the haploid Atkdsb- pollen (Kobayashi et al., 2011).  
1.19 ALTERNATIVE APPROACHES ARE REQUIRED 
   As a result of the apparent lethality of complete suppression of Kdo-8-P synthase or CMP-Kdo 
synthase (Delmas et al., 2008), Marchant group unpublished), further analysis of the effect of 
disrupting RG-II side chain C biosynthesis, via the Kdo residue, will require an alternative 
approach. Transgene-mediated gene silencing (RNA interference, RNAi), has be used to General Introduction 
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overcome lethality resulting from constitutive loss of gene function. Inducible and/or partial gene 
inactivation, rather than complete gene knockout, could avoid the lethality of the complete gene 
knockout and allow further investigation (Dietrich et al., 2008; Lin et al., 2007; Ossowski et al., 
2008).  
1.20 AIMS 
      Broadly, the project aims to advance the understanding of the RG-II structure/function 
relationship; that is, why do plants invest so much effort into the synthesis of a pectic 
polysaccharide that is the most complex of such polysaccharides yet discovered in nature? Using 
the model plant Arabidopsis thaliana specific enzymes known to be or putatively involved in 
RG-II synthesis are targets for disrupting RG-II structure. Approaches focus on the Kdo residue 
that forms part of RG-II side chain C, and more specifically on the genes and proteins responsible 
for the synthesis and incorporation of Kdo. These include the Arabidopsis Kdo 8-phosphate 
synthase (AtKdsA) and CMP-Kdo synthase (AtKdsB), the enzyme responsible for the activation 
of Kdo to CMP-Kdo. Research efforts take advantage of the genetic resources available with 
Arabidopsis including T-DNA knockout lines and available RNAi lines knockdown. 
Furthermore, we aim to develop a genetic tool-kit consisting of inducible RNAi lines that allow 
temporal and spatial control of AtKdsB expression that can be used for dissection of the 
development function of RG-II. Using molecular modelling tools we aim to explore the level of 
conservation between the bacterial and plant KdsB protein structures, particularly the active site, 
and the possibility of applying KdsB inhibitors, originally developed as antibacterial agents to the 
study of RG-II. 
  To establish a genetic tool-kit in Arabidopsis that combines the GAL4/VP16 and 
ALCR/alcA systems to allow temporal and spatial control of RG-II biosynthesis gene 
expression. 
  To investigate the gene expression patterns of Kdo biosynthesis genes using reporter 
gene technology. 
  To characterise RG-II biosynthesis gene knockdown and misexpression lines available 
from Arabidopsis stock centres. 
  Examine the possibility of applying the Kdo analogue, 2β-deoxy-Kdo, as an inhibitor of 
AtKdsB using a combination of in silico, in vitro and in vivo approaches. 
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2. General methods 
xxxxxxxxxxxxxxxxxxxxx 
 
 
 
 
 
 
 
 
 
 
2.1 PLANT GROWTH CONDITIONS 
Plant materials; Col-0 and C24 wild-type ecotype Arabidopsis see were supplied by Alan 
Marchant (University of Southampton). Mutant seed from the SALK, GABI-KAT and 
AGRIKOLA collections were obtained from the European Arabidopsis Stock Centre (NASC) 
(Nottingham, UK). GAL4/VP16 enhancer trap lines J0121, J0481, J0571, J0631, J0951, J2672, 
J3611, J0491, J0671, J1442 and J2312 were obtained from NASC and lines J1042 and J2501 
were supplied by Alan Marchant. An aux1/pACT35S (35S GAL4) line was acquired from Ranjan 
Swarup (University of Nottingham).    
   In  soil; a mix of 1:1:1 seed modular compost:economy compost:vermiculite was used for 
cultivation of Arabidopsis using a plant growth room. Intercept (5% imidacloprid, 0.28 g/L) 
(Scotts) was used to control pests. Long day cycles of 16 hours light, 8 hours dark were used to 
accelerate the reproductive cycle. A growth temperature of 23°C in the light cycle and 16°C 
during the dark and 60% humidity was maintained. Pots were watered regularly from below to 
maintain damp soil. 
   On solid media; for the selection of transformed plants and the analysis of early shoot and root 
phenotypes it is desirable to grow Arabidopsis on sterile growth media (1x Murashige and Skoog 
(MS) mineral salts (Sigma), 0.8-1% agar (Sigma), 1% sucrose (Fisher), pH 5.8). Media was 
autoclaved before pouring into 9 cm Petri dishes (Fisher) or 15 cm square plates (UKGE 
Limited). To avoid contamination by bacteria and fungi it is necessary to surface sterilise seed 
before plating onto solid MS media. For large scale sterilisation of seed, such as screening for 
transformed plants, seeds were surface sterilized by washing in 70% ethanol for 5 minutes, 1:2 
bleach:ethanol for 5 minutes and three washes in 95% ethanol. Seed was air dried on sterile filter 
paper before scattering on MS agar plates. For smaller numbers seeds were surface sterilized by 
soaking in 10% bleach plus 0.05% Triton X-100 for 15 minutes, followed by three washes in 
sterile distilled water. Seed could then be placed directly onto MS agar plates using a 20 µl 
pipette and sterile pipette tip. 
 Chapter 2 
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2.2 CLONING STRATEGY 
2.2.1 The GATEWAY
® system 
      A number of transgenic plant lines have been produced for knockdown and inducible 
knockdown of the Kdo-8-P synthase, CMP-Kdo synthase and RGXT genes, as well as 
promoter::GUS lines for expression analysis. The GATEWAY
® system has been used to generate 
binary T-DNA constructs for Agrobacterium mediated transformation of Arabidopsis. 
   The GATEWAY
® system is a universal cloning method which allows efficient movement of 
DNA sequences into multiple vector systems (Karimi et al., 2002). The GATEWAY
® technology 
is based on the integration of bacteriophage lambda into the E. coli chromosome by site-specific 
recombination. Specific DNA recombination sequences, attachment (att) sites, bound by lambda 
and E. coli-encoded recombination proteins facilitate lambda integration into the E. coli genome. 
The recombination enzymes used for lambda integration differ depending between the lytic or 
lysogenic pathway. In the lysogenic pathway recombination occurs between attB and attP sites to 
give  attL and attR sites catalysed by the bacteriophage lambda Integrase (Int) and E. coli 
Integration Host Factor (IHF). If the lytic pathway is used, the bacteriophage lambda Excisionase 
(Xis) and E. coli Integration Host Factor (IHF) catalyse recombination between attL and attR 
sites to give attB and attP sites. It is these two recombination reactions which constitute the basis 
of the GATEWAY
® system. The BP reaction uses BP Clonase
TM enzyme mix (Int, IHF) to 
catalyse recombination between an attB substrate, such as an attB flanked PCR product, and an 
attP substrate (donor vector). The LR reaction uses LR Clonase
TM enzyme mix (Int, Xis, IHF) to 
catalyse recombination between an attL substrate (entry clone) and an attR substrate (destination 
vector) to generate an expression clone. 
 
2.2.2 Plasmids and vectors 
   Donor vectors pDONR201 and pDONR207 were used for recombination reactions with attB 
flanked PCR products to produce entry clones.  pDONR201 and pDONR207 are gateway donor 
vectors containing ccdB and chloramphenicol resistance genes flanked by attP sites and 
kanamycin and gentamicin resistance genes, respectively (Karimi et al., 2002). The binary T-
DNA vector , pK7GWIWG2(i), is a gateway compatible destination vector for use in 
Agrobacterium mediated plant transformation (Karimi et. al 2002). pK7GWIWG2(i) is designed 
to produce double-stranded RNA (hairpin RNA) for efficient gene specific post-transcriptional 
silencing in plants. The region between the left and right T-DNA borders contain an attR1-ccdB-
attR2 sequence upstream of an attR2-ccdB-attR1 sequence separated by an intron as well as a 
kanamycin resistance plant selectable marker downstream of a nos  promoter. LR Clonase
TM 
facilitated recombination between pK7GWIWG2(i) and an entry clone will produce sense and 
antisense gene of interest sequences either side of the intron downstream of a Cauliflower Mosaic 
Virus (CaMV) 35S constitutive promoter (Fig. 2.3). General methods 
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   962-UAS::GW is a gateway compatible derivative of 962-UAS::GUS (Jia et. al. 2007). The 
binary vector, 962-UAS::GUS, was designed for temporal and spatial control of gene expression 
in Arabidopsis. 962-UAS::GUS is constructed with the ALCR activator gene under the control of 
upstream activator sequence (UAS) elements and the β-glucuronidase (GUS) reporter gene 
controlled by the alcA response element. When transformed into Arabidopsis GAL4/VP16-UAS 
enhancer trap lines, in which GAL4 is expressed only in specific tissues, the transgenic plants 
display GUS activity only on ethanol induction (temporal control) and only in the tissues dictated 
by the particular enhancer trap line (spatial control). In 962-UAS::GW the GUS reporter gene is 
replaced by the GATEWAY
® attR sites to allow easy cloning of gene specific sequences. The 
962-UAS series of binary vectors were derived from an original pGreen vector. In order to reduce 
the size of the pGreen plasmid the RepA gene is not present on the cloning vector, but is 
provided by a helper plasmid pSoup which must be co-transformed for culture of pGreen derived 
plasmids in Agrobacterium. 
   The pGWB series of Gateway binary vectors have been developed for efficient construction of 
fusion genes for plant transformation (Nakagawa et al., 2007). The pGWB3 vector carries the 
GUS reporter gene downstream of the attR1-Cmr-ccdB-attR2 sequence and can be used for 
promoter::GUS analysis. The pGWB3 T-DNA carries the hygromycin phosphotransferase-
resistant marker for identification of transformed plants (Fig. 2.1). 
 
 
Figure 2.1 Gateway compatible destination vectors. LB, T-DNA left boarder; RB, TDNA right 
boarder; NosP, nopaline synthase promoter; NosT, nopaline synthase terminator; NPTII, 
neomycin phosphotransferase; attR1, recombination site; attR2, recombination site; CmR, 
chloramphenicol resistance gene; ccdB, kill gene; GUS, β-glucuronidase gene; 35S, CaMV 35S 
promoter; HPT, hygromycin phosphotransferase; UAS, upstream activator sequence; ALCR, 
transcription factor which binds to alcA promoter; alcA, the chimeric promoter composed of the 
CaMV 35S minimal promoter (-31 to +5) fused to the ALCR-binding sites of the alcA promoter 
(Caddick et al., 1998). 
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2.2.3 E. coli and Agrobacterium strains 
   E.  coli  DB3.1  was  used  propagate  gateway  compatible  donor  plasmids  pDONR201  and 
pDONR207, and destination plasmids 962-UAS:GW, and pK7GWIWG2(i). The presence of the 
ccdB gene allows negative selection of the donor and destination clones following recombination 
and transformation into E. coli as the CcdB protein interferes with E.coli DNA gyrase (Bernard 
and Couturier, 1992; Reece and Maxwell, 1991) thereby inhibiting growth of most E. coli strains 
including DH5α
TM. The ccdB gene is positioned between the att recombination sites, therefore, 
when recombination occurs the ccdB gene is replaced by the gene sequence of interest. Cells 
taking up unreacted vectors or ccdB carrying by-products will fail to grow allowing selection of 
recombined clones. As a result of this lethality of the ccdB gene, GATEWAY
® vectors must be 
propagated in a ccdB resistant strain. E. coli DB3.1 contains a gyrase mutation (gyrA462) making 
it resistant to the effects of CcdB (Bernard and Couturier, 1992; Bernard et al., 1993; Miki et al., 
1992). E. coli K-12, strain DH5α, was used for heat shock and electro-transformation with entry 
clones,  expression  clones  and  helper  plasmid  pSoup.  E.  coli  strain  DH5α  can  be  readily 
transformed  by  large  plasmids  and  has  been  shown  to  produce  high  yields  of  good  quality 
plasmid DNA (Taylor et al., 1993). E. coli DH5α carry the endA1 and recA1 markers which 
inactivate  intracellular  endonuclease  and  eliminate  homologous  recombination,  respectively 
(Hanahan, 1983). 
   Agrobacterium  tumefaciens  is  a  soil  bacterium  pathogenic  to  a  range  of  plant  species. 
Agrobacterium transfers a discrete portion of its DNA (T-DNA) into the nuclear genome of its 
plant host strain. Within the T-DNA are Agrobacterium genes which establish tumour formation 
and  opine  biosynthesis,  providing  the  Agrobacterium  with  an  important  carbon  and  nitrogen 
source, at the expense of the host (Klee et al., 1987). The majority of machinery required for T-
DNA transfer resides on a tumour-inducing (Ti) plasmid. The Ti plasmids includes the T-DNA 
itself, flanked by right (RB) and left border (LB) sequences, and ~35 virulence (vir) genes, which 
together facilitate the transfer of the T-DNA. A range of ‘disarmed’ Agrobacterium strains and Ti 
vectors have been developed and allow Agrobacterium-mediated transformation of a range of 
plant species. In most cases the vir gene functions are provided by the Ti plasmid resident in the 
Agrobacterium  strain  with  sequence  to  be  transferred  (within  a  T-DNA)  provided  on  an 
additional binary vector. Agrobacterium strain GV3850, background C58, with binary Ti plasmid 
pGV3850  (pTiC58ΔT-DNA)  (Hellens  et  al.,  2000)  was  used  for  Agrobacterium-mediated 
transformation  of  Arabidopsis  with  recombinant  pK7GWIWG2(i)  and  962-UAS:GW. 
Agrobacterium strain GV3850 C58 carries the chromosomal marker rifampicin resistance and Ti 
plasmid pGV3850 the carbenicillin resistance marker.  
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2.2.4 Plant DNA extraction  
   Plant  DNA  extracts  are  required  as  template  for  the  generation  of  gene  of  interest  (goi) 
fragments that will be used to for T-DNA binary vectors and ultimately producing transgenic 
plants. Plant DNA extractions are also required when generating template for the purpose of 
confirming putative transformants and genotyping T-DNA insertion mutants by polymerase chain 
reaction (PCR). For all plant DNA extractions plant tissue was frozen in liquid nitrogen and 
ground using micro-grinders. Micro-grinders were first cleaned in 0.1 M sodium hydroxide for 
15 minutes, washed in sterile distilled water and three further washes in 95% ethanol. 0.5 ml of 
DNA extraction buffer (50 mM EDTA, 0.1 mM NaCl, 1% [w/v] SDS) was then added to the 
ground  tissue  and  incubated  at  65°C  for  2  minutes.  After  incubation  0.5  ml  of 
phenol:chloroform:isoamylalcohol (25:24:1) was added, vortexed for 1 minute and centrifuged at 
11,600  g  for  5  minutes.  The  upper  phase  was  transferred  to  a  fresh  tube  containing  0.5  ml 
chloroform, vortexed for 2 minutes, allowed to settle for 5 minutes and centrifuged at 11,600 g 
for 5 minutes. The upper phase was again removed to a fresh tube and DNA precipitated using 
0.1 volume 3 M NaAc (pH 5.2) and 1 volume isopropanol by centrifuging at maximum speed for 
10  minutes.  The  sample  was  then  washed  in  70%  ethanol,  air-dried  for  10  minutes  and 
resuspended in 20µl TE (10 mM Tris-Hcl pH7.5, 1 mM EDTA pH 8.0). DNA extractions were 
quantified using a NanoDrop 1000 Spectrophotometer. 
 
2.2.5 Plant RNA extraction 
   In some cases, such as generating PCR fragments that will be used for RNAi silencing of a 
gene  or using reverse transcriptase PCR to check the transcription level of a gene, cDNA rather 
than genomic DNA is required as template. For plant RNA extractions, plant tissue (~0.5g) was 
frozen in liquid nitrogen and tissue ground to a fine powder using micro-grinders, 150µl of H2O 
saturated phenol and 500 µl RNA extraction buffer (100mM NaCl, 10mM Tris pH7, 1mM EDTA 
and 1%[w/v] SDS) added. Chloroform (250 µl) was added to the tube and vortexed. It was then 
centrifuged at 4°C for  3 minutes at 11,600g, the aqueous phase removed to a fresh tube and the 
RNA precipitated overnight at 4°C with 450µl 4M lithium chloride. The RNA was pelleted by 
centrifugation  for  5  minutes  at  11,600g,  supernatant  discarded,  resuspended  in  300ul  DNase 
Buffer (10mM Tris HCL pH7.5, 2.5mM MgCl2 and 0.5mM CaCl2) and 1µl DNase and incubated 
37°C  for  20-30  minutes.  Phenol:chloroform:isoamylalcohol  (25:24:1)  (500  µl)  was  added, 
vortexed  and  centrifuged  for  5  minutes.  The  upper  phase  was  removed  to  a  new  tube  and 
precipitated for 1 hour at -20°C with 630 µl ethanol containing 5% 3M NaAc pH5.5 [v/v] before 
5 minutes centrifugation at 11,600 g to pelleted the RNA. The supernatant was removed and 
RNA resuspended in 30 µl TE buffer. Finally, RNA was quantified using a Nanodrop-100. 
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2.2.6 cDNA synthesis 
   For  cDNA  synthesis  1µg  of  plant  RNA  extract  was  converted  to  cDNA  using  ImProm-II 
Reverse  Transcription  System  (Promega)  according  to  manufacturer’s  instructions.  Briefly,  a 
primer/template mix of oligo(dT)15 and RNA was thermally denatured at 70°C for 5 minutes and 
chilled on ice. A reverse transcription reaction mix of 2.6 µl nuclease-free water, 4 µl  reaction 
buffer, 1 µl reverse transcriptase, 6.4 µl  (8 mM final concentration) magnesium chloride and 1 µl 
10mM  deoxynucleotide  triphosphates  (dNTPs)  was  assembled  on  ice  and  added  to  the 
template/primer mix on ice. The reaction was incubated at 25°C for 5 minutes followed by 42°C 
for one hour. cDNA was stored at -20°C and used directly for PCR amplifications.  
 
2.2.7 Polymerase chain reaction (PCR) 
   Polymerase chain reaction (PCR) is an incredible useful molecular biology technique used to 
amplify specific DNA signals. The GATEWAY universal cloning system, as described in section 
2.2 was used to generate binary expression clones for transformation of Arabidopsis. PCR is used 
to  generate  the  attB-gene  fragments  used  during  cloning  as  well  as  confirming  putative 
transformed E.coli, Agrobacterium and Arabidopsis  and genotyping T-DNA knockout lines.  
When generating gene fragments flanked by attB1-attB2 sites it is important to use a high fidelity 
polymerase to avoid errors. attB-PCR fragments were generated using the Phusion High-Fidelity 
DNA Polymerase (FINNZYMES) (Gilje et al., 2008). Reaction mixes of 5µl (2.5 µM) dNTPs, 10 
µl 5x Reaction Buffer, 1µl (10 µM) of each primer, 1 µl template and 0.5 µl Phusion polymerase 
and cycling parameters; 95°C for 3 minutes (1 cycle), 94°C for 30 seconds, 55°C for 30 seconds, 
72°C for 1 minute 30 seconds (35 cycles), 72°C for 6 minutes (1 cycle). 
   It is less important to use high fidelity polymerase when checking putative transformants and 
genotyping T-DNA lines and for convenience a PCR ready mix can be used. Typically, PCR 
genotyping PCR reactions were carried out as follows, 15 µl Biomix
TM Red (Bioline), 1 µl (10 
µм) of each primer made up to 30 µl with sterile distilled water and cycling parameters; 95°C for 
3 min (1 cycle), 94°C for 30 sec, 55°C for 30 sec, 72°C for 1 min 30 sec (35 cycles), 72°C 6 min 
(1 cycle). 
 
2.2.8 DNA gel electrophoresis and gel extraction 
   x5 Sample Loading Buffer (Bioline) was added to samples, which were run on 1% agarose gel 
(1% agarose in Tris-acetate-EDTA (TAE) buffer, Ethidium bromide) using a PerfectBlue Mini 
Gel  Electrophoresis  System  (Peqlab)  and  Hyperladder  I  (Bioline)  DNA  ladder.  To  ensure 
removal of contaminating primers the attB-PCR gel fragments were separated by agarose gel 
electrophoresis  and  gel  extracted  using  a  gel  extraction  kit  (QIAGEN)  according  to  the 
manufactures instructions. Briefly, the DNA fragment was excised using a sterile scalpel and 
incubated at 50°C for 10 minutes in three volumes of Buffer QG to dissolve. One gel volume of General methods 
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isopropanol was added and mixed. To bind the DNA the sample was added to a QlAquick spin 
column in a 2 ml collection tube and centrifuged for 1 minute discarding the flow-through. To 
wash, 750 µl of Buffer PE was added and centrifuged for 1 minute, discarding the flow-through 
before an additional 1 minutes centrifuge to ensure complete removal of wash buffer. To elute 
DNA the QlAquick column was placed in a clean 1.5 ml microcentrifuge tube, 50 µl of Buffer 
EB  added  and  centrifuged  for  1  minute.  The  purified  DNA  was  analysed  by  agarose  gel 
electrophoresis and using a Nanodrop 100 spectrophotomoter. 
 
 
2.2.9 Generating expression clone in E.coli   
2.2.9.1 BP and LR reactions 
   The BP recombination reaction between the attB sites of the attB-PCR fragment and attP sites 
of the pDONR vector generate an entry clone containing the gene fragment flanked by attL sites. 
The LR recombination reaction between the attL sites of the entry clone and attR sites of the 
destination vector produce the expression clone. For the BP reactions attB-PCR product (150 ng), 
Donor vector (150 ng) were mixed in a 1.5 ml microcentrifuge tube and made up to 8 µl with TE 
buffer, pH 8.0. BP Clonase II enzyme mix (Invitrogen) was first allowed to thaw on ice for 2 
minutes and briefly mixed before adding 2 µl to each reaction. Reaction mixes were incubated at 
25°C  for  1  hour.  To  terminate  the  reaction,  1  µl  of  Proteinase  K  solution  was  added  and 
incubated at 37°C for 10 minutes. The LR reactions were carried out in the same way as the BP 
reactions mixing 150 ng of entry clone with 150 ng destination vector in TE buffer up to 8 µl and 
using the Gateway LR Clonase II enzyme mix (Invitrogen). 
 
2.2.9.2 Making competent cells 
   Competent  cells  were  generated  by  inoculation  of  250  ml  LB  broth  with  1%  of  saturated 
overnight  bacterial  culture  and  grown  to  an  OD600  of  0.5  to  0.6.  Cells  were  harvested  by 
centrifugation at 2500g for 10 minutes at 4°C, discarding the supernatant. Cells were then washed 
in ice-cold transformation buffer and again pelleted at 2500g and 4°C. Cells were then gently 
resuspend in <1 ml of transformation to achieve a milky/yellow consistency before adding 7% 
(v/v)  DMSO  and  dispensing  aliquots  (50  µl)  into  chilled,  sterile  microfuge  tubes  and  snap-
freezing in liquid-nitrogen and stored long-term at -80°C. 
 
2.2.9.3 Heat-shock Transformation 
   The BP reaction mix can then be used directly for transformation of E.coli. On ice, 1µl of BP 
reaction was added to 100 µl of E.coli DH5α competent cells in a 1.5 ml microcentrifuge tube, 
gently mixed and left on ice for 30 minutes. Heat-shock transformation is performed by placing 
competent cells in a 42°C water bath for 90 seconds and returned to ice for 2 minutes. 700µl of Chapter 2 
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LB media was added and the cells incubated at 37°C for 1 hour. Cells were harvested by spinning 
at 6,600 rpm for 1 minute, discarding the supernatant and gently resuspending the cells. Heat-
shock  treated  cells  were  plated  onto  LB  agar  containing  the  appropriate  microbial  marker, 
incubated overnight and positive colonies selected.  
 
2.2.9.4 Plasmid extraction 
   Plasmid  extraction  from  E.coli  DH5α  and  DB3.1  cultures  were  made  using  the  QlAprep 
Miniprep Kit (QIAGEN) according to the manufacturer’s instructions. Briefly, 8 ml of overnight 
culture were centrifuged at 4,000 g for 10 minutes, supernatant discarded and cells resuspended 
in 250 µl of Buffer P1 before being transferred to a 1.5 ml microcentrifuge tube. Buffer P2 (250 
µl) was added and gently mixed by inverting, centrifuged for 10 minutes and supernatants added 
to the QlAprep column. This was centrifuged for 1 minute, the flow-through discarded. The spin 
column was washed using 750 µl Buffer PE and centrifuged for 1 minute. The supernatant is 
discarded and an additional 1 minute centrifuge used to ensure removal of residual wash buffer. 
The QlAprep column was placed in a clean 1.5 ml microcentrifuge tube and 50 µl of buffer EB 
added to the QlAprep column, left to stand for one minute and centrifuged for 1 minute to elute. 
 
2.2.10 Electroporation transformation of Agrobacterium 
   Once  expression  clones  had  been  generated  they  were  transformed  into  Agrobacterium  in 
preparation  for  transformation  of  Arabidopsis.  Competent  Agrobacterium  were  generated  by 
inoculating 500 ml of LB media with 5 ml of fresh saturated culture of Agrobacterium GV3850, 
C58. The culture was incubated overnight at 28°C. When in log phase the culture was chilled by 
standing in an ice water bath and swirling gently. Cells were pelleted by centrifuging at 4000 g 
for ten minutes at 4°C. Cells were washed three times in ice-cold sterile distilled water using a 
pipette to gentle resuspend the cells. Finally the cells were pelleted and resuspended in 5 ml of 
10% (v/v) ice-cold, sterile glycerol. Cells were dispensed into 50 µl aliquots, snap frozen in 
liquid nitrogen and stored at -80°C. 
   For electro-transformation  of  Agrobacterium,  on  ice, ~200 ng  of the  expression  clone  was 
added  to  50  µl  of  competent  Agrobacterium,  gently  mixed,  transferred  to  a  0.2  cm  gap 
electroporation cuvette (Bio-Rad) and left on ice for 5 minutes. The electroporation cuvette was 
then pulsed at 1.8 kV using an E.coli pulser (Bio-Rad). At room temperature 750 µl of LB media 
was added, mixed by pipette and transferred to a 1.5 ml microcentrifuge tube. Cells were placed 
at 28°C with agitation for 2 hours. For selection of positive transformants cells were plated on LB 
agar plates containing rifampicin (25 µg/ml) and the appropriate expression clone antibiotic and 
incubated at 28°C for 48 hours. 
   It is not possible to easily extract a large quantity of plasmid from Agrobacterium, therefore, in 
order  to  confirm  successful  transformation  of  Agrobacterium it is  necessary  to  extract  some General methods 
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used to extract plasmid from Agrobacterium. Briefly, 1 ml of Agrobacterium liquid culture was 
pelleted in a microcentrifuge and 150 µl of Buffer P1 added and vortex briefly. Buffer P2 (150 
µl) was added and mixed by inverting before 200 µl of Buffer P3 and again mixed by inverting. 
This was spun for 10 minutes in a microcentrifuge and the supernatant removed to a fresh tube. 
Ethanol with 5% 3M NaAc pH5.5 [v/v] (twice the volume of the supernatant) was added and 
mixed by vortexing and plasmid precipitated at -20°C for 1 hour and pelleted by centrifugation 
for 10 minutes. The supernatant was removed and the pellet air dried for up to 1 hour and DNA 
resuspended in 30 µl sterile distilled water. Plasmid extraction was used to back transform into 
E.coli which allows the expression clone to be confirmed by PCR and restriction enzyme 
digestion. 
 
2.2.11 Agrobacterium mediated floral dip transformation of Arabidopsis 
   Isolated Agrobacterium colonies carrying expression clones were used to inoculate 5 ml of LB 
broth and cultured for two days at 28°C. The 5 ml culture was used to inoculated 500 ml LB 
broth and cultured at 28°C overnight. Agrobacterium cells were harvested by centrifugation for 
10 minutes at 4,600 rpm and resuspended in infiltration medium (5% sucrose and 0.02% Silwett). 
Flowering wild type Arabidopsis, Col-0 ecotype, were dipped into Agrobacterium infiltration 
medium for ~2-3 seconds (Clough and Bent, 1998). Dipped plants were protected from bright 
light for 24 hours before returning to light and grown to maturity before seeds were collected. 
 
2.2.12 Screening for positive transformants in Arabidopsis 
   T1 seed collected from wild type Arabidopsis transformed with the Agrobacterium carrying the 
expression clones were screened for the presence of the plant selectable marker by growing seeds 
on 1x MS medium (1% sucrose, 0.8% agar) supplemented with 35 µg/ml kanamycin or 25 µg/ml 
hygromycin. Kanamycin resistant seedlings can be identified from the chlorotic kanamycin 
sensitive seedlings after one week growth. Selection of hygromycin resistant seedlings is not as 
clear and up to two weeks growth may be required before resistant plants can be identified. 
Resistant plants are moved to soil and grown to maturity in a light growth room and T2 seed 
selected. Stable homozygous lines in which 100% of seedlings are resistant for the antibiotic 
marker are selected in the T3 generation. 
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3. Gene expression analysis of Kdo biosynthesis genes 
xxxxxx 
 
 
 
 
 
 
 
 
 
3.1 INTRODUCTION 
3.1.1 Kdo biosynthesis genes of interest 
   As discussed in Chapter 1 Kdo biosynthesis and incorporation is an attractive target for the 
disruption of RG-II structure and many of the genes responsible for Kdo synthesis have been 
identified in Arabidopsis. The genes AtKdsA1, AtKdsA2 (Kdo-8-P synthases) and AtKdsB (CMP-
Kdo synthase) represent some of the suitable targets and have been selected for gene knockdown 
(Chapters 4 and 5) and chemical inhibition (Chapters 8 and 9) as a means to alter RG-II structure. 
An understanding of the expression patterns of these genes would help to better understand the 
developmental function of RG-II and specifically the functional contribution of the Kdo 
containing side chain C. Also, a good understanding of gene expression would assist 
interpretation of findings generated by genetic and pharmacological disruption of KdsA and KdsB 
activity. This chapter describes the generation of genetic constructs for the analysis of spatial and 
developmental gene expression of  Kdo synthesis genes AtKdsA1, AtKdsA2 and AtKdsB in 
Arabidopsis and the analysis of two transgenic lines, pAtKdsA2::GUS-15 and pAtKdsB::GUS-17. 
 
3.1.2 Reporter gene technology 
   Reporter gene technology is a powerful tool for gathering the spatial and temporal  information 
about a particular gene product, and expression of promoter::GUS constructs in plants is widely 
used for this purpose. Reporter gene technology is based on the fusion of transcriptional control 
elements to genes with easily identifiable phenotypes which then ‘report’ gene expression levels 
(Naylor, 1999). Reporter genes have been selected because of their readily identifiable protein 
products as well as the sensitivity, dynamic range, convenience and reliability of their assays 
(Alam and Cook, 1990).  
   The most commonly used reporter in plant biology is the Escherichia coli uidA gene which 
encodes the β-glucuronidase (GUS) enzyme (Jefferson et al., 1987). The GUS enzyme is a 
member of the glycosidase family that catalyse breakdown of complex carbohydrates and activity Chapter 3 
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can be determined qualitatively by staining with the chromogenic substrate 5-bromo-4-chloro-3-
indolyl glucuronide (X-Gluc), which is broken down to produce an insoluble blue product, or 
quantitatively with the fluorogenic substrate 4-methylumbelliferyl-beta-D-glucuronide (4-MUG). 
The histological approach using X-Gluc has been widely used to study the spatial organisation of 
gene expression in plants by cloning the gene of interest promoter region upstream of the GUS 
reporter gene.  
   Fluorescent proteins are now widely used as gene reporters in a wide variety of hosts. The jelly-
fish  Aequoria victoria green fluorescent protein (GFP) is the most popular and was isolated 
(Morin and Hastings, 1971; Morise et al., 1974) and eventually cloned (Chalfie et al., 1994) and 
shown to be functional in both prokaryotic (Bongaerts et al., 2002) and eukaryotic hosts 
including plants (Casper and Holt, 1996). 
3.2 METHODS 
3.2.1 Generating promoter::GUS lines 
   Transgenic  promoter::GUS  Arabidopsis  lines were generated using the cloning and 
transformation strategies described in Chapter 2.  Specifically, KdsA1, KdsA2 and KdsB promoter 
regions (up to 2 kb upstream of the ATG start codon) were amplified from Arabidopsis (Col-0) 
cDNA using attB-flanked primer pairs (Table 3.1). PCR products were cloned into 
pDONR
TM207 by recombination using Gateway
® BP Clonase
® II enzyme (Invitrogen) and 
recombinant entry clones were generated by  heat-shock transformation of competent E. coli 
DH2α and selection made using Gentamicin (20 µg/ml). The expression clones were generated 
by recombination reaction between the entry clone and the destination vector pGWB3 (Karimi et 
al., 2002) using LR clonase (Invitrogen) and transformed into E. coli DH2α. Expression clones 
were transformed into Agrobacterium tumefaciens by electroporation and recombinant 
Agrobacterium selected with Kanamycin (50 µg/ml). Arabidopsis were transformed by the floral 
dip method (Clough and Bent, 1998) and T1 seed screened for transformants on MS media with 
Kanamycin (35 µg/ml). For further details see Chapter 2. 
Table 3.1 Primers used for expression analysis of Kdo synthesis genes KdsA1, KdsA2 and KdsB 
Gene  Gene id and 
accession numbers  Forward primer  Reverse primer 
KdsA1  NP_001185011.1 
(At1g16340) 
pKdsA1-attB1  
5’-CAGGGGAGACAAAAGTCATGGG-3’ 
pKdsA1-attB2 
5’- TCGAAGAATATGTTCCTCGG -3’ 
KdsA2  NP_001154477.1 
(At1g79500) 
pKdsA2-attB1 
 5’-CTTCAGTCCAACAATGGCGTCG-3’ 
KdsA2-attB2  
5’-TTCTATAGTAGAGCTTAAGATCAG-3’ 
KdsB  NP_175708.2 
(At1g53000) 
pKdsB-attB1  
5’-TACAAGAAACAAGTTCCAAGGG-3’ 
pKdsB-attB2  
5’-CACTTTGCTCCGGTG-3’ 
attB1 primers include the sequence 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCT-3’ 
attB2 primers include the sequence 5’-GGGGACCACTTTGTACAAGAAAGCTGGGT-3’ 
 Gene expression analysis  
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3.2.2 GUS activity assay in promoter::GUS constructs 
   The transgenic promoter::GUS lines pAtKdsA2::GUS-15 and pAtKdsB::GUS-17 were used to 
explore the expression pattern of KdsA2 and KdsB. Whole seedlings were immersed in GUS 
staining solution and incubated at 37°C overnight. The GUS staining solution was made up of 
100 µl of 40 mg/ml X-Gluc (5-bromo-4-chloro-3-indolyl-β-D-glucuronide cyclohexylammonium 
salt (Cha Salt)) in dimethylformamide (DMF) and 8 ml of GUS staining buffer (Sodium 
phosphate, 100 mм; Disodium ethylenediamine tetraacetate, 10 mм; K ferrocyanide, 0.5 mм; K 
ferricyanide, 0.5 mм; Triton X-100, 1% [v/v] (pH 7.0)). 
   After GUS staining, samples were subjected to an ethanol series (20%, 35%, 50%, for 30 min 
each) to remove the masking effect of chlorophyll. Optionally, tissue could be further cleared 
using a freshly prepared chloral hydrate solution (chloral hydrate:glycerol:water, 8:1:2, w/v/v). 
Finally, tissue was fixed using formalin-acetate-alcohol (FAA) (50% ethanol, 5% glacial acetic 
acid, 10% formaldehyde (38% stock), 35% distilled water) for 30 min and stored in 70% ethanol 
at 4°C. To image the GUS staining patterns the samples were transferred to a microscope slide 
and examined using a dissecting and light microscope and imaged using a Leica D-LUX3 digital 
camera.  
 
3.3 RESULTS 
3.3.1 Analysis of publically available gene array data  
   As technologies improve and costs decrease, increasing amounts of high through put functional 
genomics data is being generated.  This constantly growing data resource is made available 
through microarray databases (curated public repositories) such as Gene Express Omnibus 
(GEO) or ArrayExpress (Barrett et al., 2009; Parkinson et al., 2007). 
A global gene expression map of the Arabidopsis root detailing the localization of expression of 
more than 22,000 genes, across 15 different root zones corresponding to cell types and 
progressive developmental stages has been made available to the research community (Birnbaum 
et al., 2003).  This resource has been used to examine the expression pattern of Kdo biosynthesis 
genes (AtKdsA1,  AtKdsA2,  AtKdsB and AtKdoT1) in the developing Arabidopsis root. Data 
available suggests that these genes are expressed throughout the root but preferentially in the cell 
division and elongation zones (Fig. 3.1). Chapter 3 
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Figure 3.1 Root expression profile of Kdo synthesis genes at three developmental stages. 
Developmental stage profiling (bar graph) of Kdo synthesis, activation and transferase genes 
AtKdsA1, AtKdsA2, AtKdsB and AtKdoT1 displays the average microarray hybridization signal 
across tissue types using raw data from Birnbaum et al., (2003) supporting online material. 
Longitudinal root section showing developmental stages, upper borders have been defined as; 
stage 1, where the root tip reaches its full diameter; stage 2,  where cells transition from being 
optically dense to a more transparent appearance as they begin longitudinal expansion; stage 3, 
where root hairs are fully elongated. Scale bar, 60 µm. 
 
3.3.2 Generation of promoter::GUS lines for AtKdsA1, AtKdsA2 and AtKdsB 
   To generate promoter::GUS lines Arabidopsis plants were transformed using Agrobacterium 
carrying the pGWB3 expression clone by the floral-dip method described in Chapter 1. These 
genetic constructs were designed so that the cloned promoter sequence dictates expression of the 
uidA gene (Fig. 3.2).  T1 seed were collected and screened for the kanamycin resistance marker 
and a transformation efficiency of ~1% was achieved. Up to 40 independent transformants were 
selected for each promoter::GUS construct and each transgenic line screened for GUS activity. 
Several independent T-DNA lines with identifiable GUS expression were identified for AtKdsA2 
and AtKdsB, however, the majority of kanamycin resistant promoter::GUS lines were negative for 
GUS staining. To rule out the possibility that the vector had not been constructed correctly, the T-
DNA insert from a GUS positive line pAtKdsB::GUS-17 was amplified and sequenced. The 
promoter sequence and GUS reporter sequence of the T-DNA were shown to be correct and in 
frame (data not shown). 
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Figure  3.2  Production  of  reporter  construct  for  spatial  and  developmental  analysis  of 
reporter gene expression in  Arabidopsis thaliana plants. (A) T-DNA from pGWB3 vector 
containing AtKdsA1, AtKdsA2 or AtKdsB promoter fragments with a C-terminal GUS gene was 
introduced  to  Arabidopsis  by  Agrobacterium  mediated  transformation.  The  cloned  promoter 
sequence dictates expression of uidA and the nopaline synthase termination sequence (NosT) 
signals termination of transcription. 
 
3.3.3 Spatial and developmental expression pattern of KdsA2 and KdsB 
   The putative promoters of the AtKdsA1, AtKdsA2 and AtKdsB genes were cloned into the plant 
transformation vector pGWB3 so as to control the expression of the uidA reporter gene. The 
resulting constructs (pAtKdsA1::GUS, pAtKdsA2::GUS and pAtKdsB::GUS) were introduced into 
Arabidopsis  (Col-0  ecotype)  plants,  and  the  GUS  activity  of  a  pAtKdsA2  and  pAtKdsB  line 
examined. 
   In young leaves, the GUS staining was largely restricted to the vasculature and hydathodes 
although patches of heavier and more disperse staining can be seen in the lamina towards the leaf 
base (Fig. 3.3 A). In pAtKdsA2::GUS-15 seedlings at the four-leaf stage the apical meristem, the 
emerging  leaves  and  the  cotyledon  vasculature  were  heavily  stained.  The  same  pattern  of 
expression can be seen in pAtKdsB::GUS-17 seedlings but less intensely (Fig. 3.3 B). In the roots 
of pAtKdsA2::GUS-15 and pAtKdsB::GUS-17 GUS staining is restricted to the vasculature and is 
excluded from the tips of the primary and lateral roots. Again, GUS staining is more intense in 
the  pAtKdsA2::GUS-15 line (Fig. 3.3 C). In mature flowers of pAtKdsA2::GUS-15, staining is 
found towards the apex of the style and also in the anther filament. For pAtKdsB::GUS-17 style 
staining was absent although filaments were more heavily stained (Fig. 3.3 D). The GUS staining 
patterns  of  pAtKdsA2::GUS-15  and  pAtKdsB::GUS-17  were  strikingly  similar, indicating  that 
these  promoters  contain  a  similar  response  element  and  that  KdsA2  and  KdsB  had  largely 
overlapping expression profiles in Arabidopsis.  
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Figure 3.3 Spatial and developmental analysis of reporter gene expression pKdsA2::GUS 
and  pKdsB::GUS  in  Arabidopsis  thaliana  plants.  GUS  staining  was  performed  using  the 
pAtKdsA2-15 and pAtKdsB-17 plants, transformants with a T-DNA containing either the cloned 
KdsA2 (pKdsA2::GUS) or KdsB (pKdsB::GUS) promoters upstream of the uidA coding region. 
(A) Young leaves, (B) four leaf stage seedlings, (C) root branching region, (D) fully developed 
flowers. Scale bars: 1 mm in A, B, D; 50 µm in C. 
 
A
pKdsB::GUS-17 pKdsA2::GUS-15
B
D
C
 Gene expression analysis  
53 
 
3.4 DISCUSSION 
3.4.1 Spatial and developmental analysis of KdsA and KdsB reporter GUS lines 
   Reported gene analysis of the AtKdsA2 gene has been previously described (Delmas et al., 
2008). By two approaches an almost identical expression pattern was shown for AtKdsA2; (1) 
promoter trapping (Bouchez et al., 1993) in a AtkdsA2 T-DNA mutant in which the inserted T-
DNA carries the uidA gene to allow use of the GUS reporter system  and, (2) the AtKdsA2 
promoter was cloned into the plant transformation vector pCAMBIA-1381 and transformed into 
Arabidopsis so as to drive the expression of the uidA reporter gene. In young leaves, the GUS 
staining was restricted to hydathodes. In seedlings at the four-leaf stage, the apical meristem and 
the emerging leaves were heavily stained and in mature flowers, the style and anthers displayed 
GUS activity. No evidence of GUS stain was found in the root tissue (Delmas et al., 2008). The 
expression pattern obtained using pAtKdsA2::GUS-15 is largely similar to that previously 
described, particularly for the mature flower and four-leaf stage seedlings. An important 
difference was our identification of GUS staining throughout the vasculature tissue, including 
young leaves, cotyledons and roots. Furthermore, GUS staining at the points where flowers (Fig. 
3.3 D) and siliques (data not shown) had been removed from the plant may indicate that KdsA 
and KdsB gene expression is wound-inducible but this would require further investigation.   
   That pAtKdsA2::GUS-15 displays GUS expression in the root is consistent with RT-PCR and 
RNA-gel blot analysis of AtKdsA2 which has shown KdsA2 to be expressed predominantly in 
roots (Matsuura et al., 2003). However, previous promoter::GUS analysis of AtKdsA2 did not 
identify any GUS activity in the root tissue (Delmas et al., 2008). Furthermore, analysis of gene 
array data from a global gene expression map of the Arabidopsis root suggests AtKdsA2  is 
expressed predominantly in cell division and elongation zones (Fig. 3.2) (Birnbaum et al., 2003), 
yet no GUS activity could be identified in the root meristematic zone using pAtKdsA2::GUS-15. 
Despite the available gene array data and now three separate studies addressing the AtKdsA2 
expression pattern the data are somewhat inconsistent, particular in the root. Future research 
could use a AtKdsA2  promoter driving expression of a GFP reporter or expression of an   
AtKdsA2-GFP fusion protein under the control of its native promoter. 
 
3.4.2 Cellular localisation using GFP fusion proteins 
   The development of non-invasive markers of gene expression such as luciferase and GFP allow 
expression patterns to be defined at the level of single cells. There are several Gateway 
compatible vectors for producing GFP fusion constructs (p7WGF2, p7FWG2 and p7FWGF2) 
(Karimi et al., 2002) and future work could include generating GFP fusion proteins for the Kdo 
biosynthesis genes KdsA1, KdsA2 and KdsB.  Indeed, where possible this approach could be 
applied to other RG-II nucleotide sugar biosynthesis genes and would allow investigation of the 
subcellular localisation of these proteins. As matrix polysaccharides are synthesised in the Golgi, Chapter 3 
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many of these proteins (particularly the glycosyltransferases) would be expected to localise at or 
in the Golgi. However, emerging evidence for the existence of a lipid A-type moiety in plants (Li 
et al., 2011), together with reported mitochondrial localisation of some sugar biosynthesis genes 
suggest some nucleotide sugars (Kobayashi et al., 2011) may be synthesised at the mitochondria 
before being transported to the Golgi for matrix polysaccharide assembly. 
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4. RNAi approaches for the knockdown of RG-II 
biosynthesis genes 
xxxxxxxxxxxxxxxxxxxxxxxxx 
 
 
 
 
 
 
 
 
 
 
4.1 INTRODUCTION 
4.1.1 RNA silencing 
   Thought to have evolved as an innate defence against viruses, RNA silencing is a eukaryotic 
mechanism of RNA-guided regulation of gene expression that can be exploited as a tool for 
reducing the expression of a gene or genes of interest (Kanazawa, 2008). This approach is known 
as RNA interference (RNAi). RNAi is the introduction of double stranded RNA (dsRNA) based 
on the target sequence resulting in the degradation of the corresponding mRNA and reduced gene 
expression (Fire et al., 1998; Hamilton and Baulcombe, 1999; Longstaff et al., 1993). 
A study attempting to make plants resistant to virus infection by expressing virus genes in plants 
identified the phenomena of co-suppression. Plants expressing the transgene that were resistant 
had the transgene switched off (Longstaff et al., 1993). Antisense RNA had been implicated in 
this silencing mechanism and it was found that antisense RNA of 25 nucleotides was present in 
silenced lines but absent from the non-silenced lines (Hamilton and Baulcombe, 1999). It became 
apparent that this was the same mechanism that had been identified in the nematode C. elegans 
(Fire et al., 1998). Thus, RNA silencing is a universal mechanism and short RNAs are ubiquitous 
in RNA silencing with the basic mechanism of RNAi conserved among eukaryotes (Mahmood-
ur-Rahman et al., 2008). 
 
4.1.2 RNA silencing in plants (natural pathways) 
   RNAi is triggered by double-stranded RNA (dsRNA) molecules that are cleaved into short 
interfering RNAs (siRNAs), which guide cleavage to homologous RNA molecules resulting in 
the degradation of the corresponding mRNA and reduced gene expression. The simplest model of 
RNA silencing involves two steps; (1) an RNA precursor is processed into siRNA by the DICER 
endonuclease enzyme and (2) siRNAs are loaded onto the RNA-induced silencing complex 
(RISC). The siRNA is unwound and single-stranded siRNA locates the target mRNA by base Chapter 4 
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pairing. Gene silencing is achieved by nucleolytic degradation of the targeted mRNA by the 
Argonaute proteins, the catalytic components of the RNAi-induced silencing complex (RISC). In 
reality RNA silencing is diverse and at least three distinct natural RNAi pathways have been 
identified in plants. 
   A natural RNA silencing pathway in plants is the silencing of endogenous messenger RNAs by 
miRNAs. miRNAs are short single-stranded 20-22 nucleotide RNAs derived by cleavage of 
inverted  repeat precursor RNA by Dicer (Papp et al., 2003). miRNAs negatively regulate gene 
expression by base pairing to target mRNAs resulting in RNA cleavage (Llave et al., 2002). In 
plants, miRNAs are processed in the nucleus (Papp et al., 2003) and can target the 3’ UTR, 
coding region or 5’UTR region of mRNAs. Many, but not all of the miRNAs identified in 
Arabidopsis target transcription factors and other proteins involved in regulating development 
(Jones-Rhoades and Bartel, 2004; Llave et al., 2002; Park et al., 2002). The cytoplasmic silencing 
pathway in plants, which is responsible for silencing transgenes and viruses, requires RNA-
dependent RNA polymerases (RDRs) (Dalmay et al., 2000; Mourrain et al., 2000; Xie et al., 
2004). The mechanism of RDR directed silencing can be either primer dependent or primer 
independent. It has been demonstrated that RDR can catalyse primer independent synthesis of 
dsRNA from ssRNA template (Makeyev and Bamford, 2002; Schiebel et al., 1993). A second 
possible RDR mechanism is that siRNAs from viruses and transgenes act as primers for the 
synthesis of dsRNA (Makeyev and Bamford, 2002). The mechanism has been demonstrated by 
the accumulation of secondary siRNAs that are derived from adjacent regions of the target 
sequence (Sijen et al., 2001; Vaistij et al., 2002). 
 
4.1.3 RNAi approaches in plant molecular biology 
   In plants there are a number of RNAi strategies all of which introduce double stranded RNA 
(dsRNA) and result in a reduction of target mRNA. Transgene introduction of either an antisense  
or inverted repeat sequence, corresponding to the target gene, can form dsRNA upon 
transcription. An antisense transgene will transcribe RNA which forms dsRNA with the target 
mRNA, while an inverted repeat transgene will produce a hairpin dsRNA when transcribed 
(Beclin et al., 2002). 
 
4.1.3.1 Antisense mediated gene silencing 
   Transgene expression of antisense RNA complementary to a target sequence was originally a 
popular method of post transcriptional gene silencing (PTGS) in plants (Bourque, 1995). Up to 
20% of transformed plants will display a reduction in target mRNA accumulation when antisense 
RNA is generated by an antisense gene coding sequence driven by a strong constitutive promoter 
(Baulcombe, 1996; Wesley et al., 2001). The extent of RNA silencing can be highly variable, 
ranging from no detectable effect to almost complete loss of the mRNA transcript (Bourque, RNAi approaches 
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1995). The success of the silencing is dependent upon homology between antisense RNA and 
endogenous mRNA with silencing efficiency decreasing with reduced homology (Elomaa et al., 
1996). 
 
4.1.3.2 RNA interference (direct introduction of dsRNA) 
   The direct production of dsRNA complementary to a target has been shown to be a more potent 
method of post transcriptional silencing than antisense alone. Microinjection of dsRNA in C. 
elegans has been shown to produce highly specific silencing of the targeted gene by post 
transcriptional degradation of homologous mRNA (Montgomery et al., 1998). This approach, 
known as RNA interference (RNAi), has also been shown to be highly efficient in plants 
(Baulcombe, 2004). Using transgenes carrying inverted sense and antisense sequences separated 
by an intron can produce almost total silencing of a target gene in more than 90% of 
transformants (Chuang and Meyerowitz, 2000; Smith et al., 2000). A dsRNA region of at least 
100 nucleotides is required for efficient RNAi silencing in plants (Wesley et al., 2001). The 
potency and reliability of this approach has made RNAi by direct introduction of dsRNA the 
post-transcriptional gene silencing (PTGS) method of choice in plants  (Kerschen et al., 2004; 
Ossowski et al., 2008). Of all silencing approaches RNAi, using an inverted repeat sequence to 
produce hair-pin dsRNA, has been shown to produce the most potent and is widely used in plant 
species. 
 
4.1.3.3 Virus-induced gene silencing (VIGS) and Transcriptional gene silencing (TGS): 
   Often, plants infected with a virus will initially show severe symptom development followed by 
resistance and low virus accumulation in subsequently emerging tissue, this tissue is described as 
recovered. This phenomenon was first reported in tobacco as early as 1928 (Wingard, 1928) and 
has since been shown to be a result of a type of post transcriptional silencing (Watson et al., 
2005). Virus vectors have been used as a gene silencing approach in plants and can be 
advantageous because of their ability to induce systemic silencing in new growth and the ease of 
inoculation (Peele et al., 2001). Transcriptional gene silencing (TGS) (Huettel et al., 2007) and 
more recently artificial microRNAs (amiRNAs) are less widely used approaches to gene 
silencing. 
 
4.1.4 When is it useful to use an RNAi approach? 
   RNA interference (RNAi) has been used to overcome lethality resulting from constitutive loss 
of gene function. The partial gene inactivation of RNAi approaches avoid the lethality of the 
complete gene knockouts and allow further investigation (Ossowski et al., 2008). For example, 
the cell cycle regulator protein CDC5 is essential for the G2 phase of the cell cycle in yeast and 
animals (Ohi et al., 1994). In Arabidopsis the atcdc5 T-DNA insertion knock-out mutant is lethal Chapter 4 
 
58 
 
at the zygote stage with atcdc5 (-/-) embryos aborted by 72 hours after pollination (Lin et al., 
2007). AtCDC5-RNAi plants, in which the expression of AtCDC5 was reduced by RNA silencing, 
were used to investigate the function of AtCDC5 in vivo (Lin et al., 2007). The ACDC5-RNAi 
construct consisted of sense and antisense AtCDC5 fragments separated by an intron sequence 
and driven by the constitutive CaMV 35S promoter. The AtCDC5-RNAi lines display a severe 
phenotype and could be used to demonstrate a function of AtCDC5 in G2/M phase transition and 
maintenance of apical meristem function (Lin et al., 2007). 
   Similarly, DNA ligase 1 (LIG1) is an essential gene present in all eukaryotes and involved in 
DNA repair and replication. lig1 knockout mutants in Arabidopsis have a lethal phenotype most 
probably due to incomplete DNA synthesis during the S-phase of the cell cycle resulting in early 
stage embryo abortion (Babiychuk et al., 1998). RNAi lines with reduced levels of AtLIG1 have 
been used to study the role of LIG1 in Arabidopsis. AtLIG1-RNAi lines display a severely stunted 
and stressed growth phenotype and slower repair of both single and double strand DNA breaks 
(Waterworth et al., 2009). The RNAi approach overcame the lethality of the complete knockout 
to allow the identification of a novel function for LIG1 in plants.  
 
4.1.5 RNAi knockdown of Kdo biosynthesis genes 
   It has not been possible to identify a double knock-out of the Arabidopsis Kdo-8-P synthase 
genes (AtKdsA1 and AtKdsA2) due to an inability of mutant haploid pollen to form elongated 
pollen tubes and perform fertilization (Delmas et al., 2003; Delmas et al., 2008). This has also 
been the case for the CMP-Kdo synthase (AtKdsB) for which it has not been possible to identify a 
homozygous mutant in the progeny of a self-fertilised heterozygote (Kobayashi et al., 2011). 
Therefore, an alternative approach is required in order to overcome this lethality and study how 
disrupting Kdo synthesis will affect RG-II structure and ultimately plant growth and 
development. RNAi has been used to overcome lethality caused by complete loss-of-function 
mutants by producing partial knockouts. This chapter describes the generation of RNAi 
constructs for the targeted silencing of AtKdsA1, AtKdsA2 and AtKdsB. In addition, RNAi lines 
targeting  AtKdsA1 have been obtained from an RNAi line depository (AGRIKOLA).  
4.2 METHODS 
4.2.1 Generating RNAi constructs for partial knockdown of AtKdsA and AtKdsB 
   The attB-PCR fragments for RNAi knockdown of AtKdsB, AtKdsA2/AtKdsA1 and AtKdsA2 
were amplified from Col-0 cDNA by PCR using attB flanked primers hpKdsB-attB1 and 
hpKdsB-attB2, hpKdsAs-attB1 and hpKdsAs-attB2, hpKdsA2-attB1 and hpKdsA2-attB2 (Table 
4.1). A 140 bp region of intron five was selected for AtKdsB silencing. For simultaneous 
knockdown of both AtKdsA1 and AtKdsA2 by a single transgene, a highly conserved 125 bp RNAi approaches 
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region of cDNA was selected. For specific silencing of AtKdsA2 it was necessary to target a 137 
bp of the 5’UTR in order to be find a region that does not share close homology with AtKdsA1. 
PCR products were cloned into pDONR
TM207 by recombination using Gateway
® BP Clonase
® II 
enzyme (Invitrogen) and recombinant entry clones were selected by  heat-shock transformation 
of competent E. coli DH2α using Gentamicin (20 µg/ml). The expression clones were generated 
by recombination reaction between the entry clone and the destination vector pK7GWIWG2i 
(Karimi et al., 2002) using LR clonase (Invitrogen) and transformed into E. coli DH2α. 
Expression clones were transformed into Agrobacterium tumefaciens by electroporation and 
recombinant  Agrobacterium  selected with Spectinomycin (50 µg/ml). Arabidopsis was 
transformed by the floral-dip method (Clough and Bent, 1998) and T1 seed screened for 
transformants on MS media with kanamycin (35 µg/ml). Further details of the cloning and 
transformations methods can be found in Chapter 2. 
 
Table 4.1 Primers used for hairpin RNAi knock-down of KdsA1, KdsA2 and KdsB 
Gene  Gene id and 
accession numbers  Forward primer  Reverse primer 
KdsA1  NP_001185011.1 
(At1g16340)* 
hpKdsA2-attB1  
5’-GTCCGTACGTCACTTTGG-3’ 
hpKdsA2-attB2 
 5’-ATATCAGGCAACATCAGC -3’ 
KdsA1 & 
KdsA2 
NP_001154477.1 
(At1g79500) & * 
hpKdsAs-attB1  
5’-ACAGATCTTCTGGTCGCG-3’ 
hpKdsAs-attB2  
5’-GTATCCAAACATGGTTCC-3’ 
KdsB  NP_175708.2 
(At1g53000) 
hpKdsB-attB1  
5’-TGTAACACCGGATGCAGTG-3’ 
hpKdsB-attB2  
5’-TTGTTATAAGGAATCAAACC -3’ 
attB1 primers include the sequence 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCT-3’ 
attB2 primers include the sequence 5’-GGGGACCACTTTGTACAAGAAAGCTGGGT-3’ 
 
 
4.2.2 Characterization of an AGRIKOLA resource targeting AtKdsA 
   As an alternative approach to partial knockdown of AtKdsA a set of AGRIKOLA seed were 
obtained from NASC. The AGRIKOLA project (Arabidopsis Genomic RNAi Knock-down Line 
Analysis) uses gene-specific sequence tags (GSTs) sub-cloned on a large scale into vectors 
designed for gene silencing in plants. The AGRIKOLA set N291401 consists of ten AGRIKOLA 
lines (supplied as segregating T2 seed) targeting AtKdsA1. These independent lines, N214847-56, 
are derived from the same clone but with different insertion positions in the genome creating the 
possibility of divergent silencing phenotypes. The AGRIKOLA lines were generated by the 
AGRIKOLA consortium using CATMA GST sequence CATMA1a68580 cloned into 
pAGRIKOLA and transformed into Col-0 wild-type Arabidopsis by floral-dip. DNA extracts 
were made from each line by both phenol:chloroform:isoamylalcohol extraction and using 
Extract-N-Amp
TM PCR Kit (Sigma Aldrich) and DNA used for genotyping. Lines N214847-49, Chapter 4 
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N214851, N214853-56 were  genotyped using the AGRIKOLA primers Agri 51, Agri 56, Agri 64 
and Agri 69 (Table 4.2) in mixes shown in Fig. 4.2. 
 
Table 4.2 AGRIKOLA primers 
Primer name  Primer sequence 
Agri51  5’-CAACCACGTCTTCAAAGCAA-3’ 
Argi56  5’-CTGGGGTACCGAATTCCTC-3’ 
Agri64  5’-CTTGCGCTGCAGTTATCATC-3’ 
Agri69  5’-AGGCGTCTCGCATATCTCAT-3’ 
 
4.3 RESULTS 
4.3.1 A failure to identify Arabidopsis transformants for KdsA and KdsB RNAi  
   In an attempt to overcome the apparent lethality of complete suppression of KdsA or KdsB, and 
analyse the effect of disrupting RG-II side chain C biosynthesis by affecting CMP-Kdo synthesis 
– hence Kdo incorporation into RG-II, RNAi constructs have been generated with the aim of 
producing partial knock-out lines. RNAi constructs specifically targeting AtKdsA2 and AtKdsB, 
as well as one targeting a conserved region between AtKdsA2 and AtKdsA1, were generated and 
transformed into Arabidopsis Col-0 by Agrobacterium mediated transformation. Seeds (T1) from 
transformed plants were collected and screened for the presence of the RNAi transgene using the 
plant selectable marker kanamycin. 
      A small proportion of T1 seed from transformed Arabidopsis appear to show kanamycin 
resistance indicated by purple hypocotyls and dark green cotyledons suggesting successful 
transformation. However, putative transformants exhibit a lethal phenotype when developing true 
leaves. The first rosette leaves emerging between the cotyledons from the shoot apical meristem 
appear dwarfed and/or chlorotic. A putative transformed seedling from the AtKdsA2 RNAi 
Agrobacterium mediated transformation is shown in the context of non-resistant seedlings (Fig. 
4.1, A) and magnified (Fig. 4.1, B), showing the first rosette leaves completely devoid of 
chlorophyll. Putative transformants from the AtKdsA2/AtKdsA1 transformation are shown (Fig. 
4.1, C and D) with dwarfed and chlorotic first rosette leaves. This could suggest that the hpRNAi 
knockdown of KdsA or KdsB is lethal, however, the presence of the RNAi T-DNA could not be 
confirmed by PCR and in the absence of surviving putative transformants capable of producing 
T2 seed, the possibility that these plants represent false negatives for the resistance marker cannot 
be excluded. Furthermore, similar problems identifying positive transformants using the same 
expression vector are described in Chapter 7 suggesting that the difficulties identifying 
transformants may be due to a problem with the plant transformation vector pK7GWIWG2i or its 
helper plasmid pSoup (see Chapter 7). RNAi approaches 
61 
 
 
Figure 4.1 Putative kanamycin resistant hpRNAi knock-out lines. Some putatively resistant 
transformants were identified from a large screen of T1 seedlings transformed with 
pK7GWIWG2i expression clones carrying inverted repeats of AtKdsA  or  AtKdsB  sequences. 
These seedlings, although growing better than the majority of T1 seedlings, have a true leaf lethal 
phenotype. (A, B) Putative hpAtKdsA2  seedling with chlorotic emerging true leaves. (C, D) 
Putative hpAtKdsAs seedling. Scale bars are 500 µm. 
 
4.3.2 Results of AGRIKOLA genotyping 
   Given the difficulties generating pK7GWIWG2i based Arabidopsis transformants, libraries of 
available RNAi lines in Arabidopsis may provide an alternative approach. An AGRIKOLA seed set 
(N291401) containing 10 independent lines targeting AtKdsA1 for knock-down were obtained 
and DNA extractions made from pools of seedlings.  Using this DNA as template a series of 
AGRIKOLA genotyping primers and primer mixes the nature of the T-DNA inserts in 8 of the 10 
lines were examined by PCR (N214852 and N214857 seed failed to germinate). 
   Using wild-type DNA as template failed to amplify a PCR product using any of the primer 
mixes demonstrating that the AGRIKOLA primers are specific to the AGRIKOLA  T-DNA. For 
AGRIKOLA lines N214848 and N214853-55 the expected amplification product is generated using 
primer  mix 1 and 4, with no amplification by mix 2 or 3. AGRIKOLA N214851 and N214856 do 
not show the presence of the AGRIKOLA  insert while line N214849 produces a strong 
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amplification using all primer mixes suggesting the presence of multiple inserts, and that the 
intron sequence has switched orientation for at least one of these inserts. In summary, 4 of the 8 
lines examined (N214848, N214853-55) have been shown to carry the expected T-DNA insert 
and can now be used as a means to down regulate AtKdsA expression.  
 
Figure 4.2 Molecular characterization of an agrikola seed-set targeting AtKdsA1 for gene 
knock-down.  Agrikola lines N214847-56 were generated by the agrikola consortium using 
CATMA GST sequence CATMA1a68580 cloned into pAGRIKOLA and transformed into wild-
type Arabidopsis (Col-0) by floral-dip. (A) Characterization of agrikola lines by PCR using a set 
of Agri primers. (B) Schematic of the agrikola construct with a GST cloned in sense and 
antisense repeats. The Argi primers are shown as red arrows. 35S, cauliflower mosaic virus 
constitutive promoter. NosT, nopaline synthase termination sequence. (C) Combinations of Agri 
primers used in (A), only primer mix 1 and mix 4 are expected to produce an amplification 
product. 
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4.4 DISCUSSION 
4.4.1 AtKdsA1 AGRIKOLA RNAi lines as a valuable future resource 
   The identification of 4 independent AGRIKOLA lines targeting AtKdsA1 for gene knock-down 
provides a resource for further analysis. It could be imagined that by crossing these AGRIKOLA 
lines with a AtkdsA2 null mutant it would be possible to obtain viable Arabidopsis plants with 
partial Kdo-8-P synthase activity. Further analysis of transcript level could reveal the threshold 
level of Kdo-8-P required for pollen tube elongation. 
 
4.4.2 Partial knockout of Kdo-8-P and CMP-Kdo synthases by RNAi 
   Three hairpin RNAi constructs for knockdown of Kdo-8-P and CMP-Kdo synthase have been 
generated in pK7GWIWG2i, one targeting AtKdsA2, one targeting AtKdsB and one targeting a 
conserved region of AtKdsA2 and AtKdsA1. Seed collected from transformed Arabidopsis plants 
were screened for the presence of the T-DNA kanamycin-resistance marker. While some 
seedlings appear kanamycin resistant, indicated by greener cotyledons and purple hypocotyls, 
these putative transformants exhibit a true-leaf lethal phenotype. It is possible that the 
AtKdsA2/AtKdsA1 and AtKdsB RNAi constructs could be sufficiently efficient at post 
transcriptional silencing of their gene targets to produce this phenotype. However, considering 
the absence of phenotype in the AtkdsA2 null mutant, it is more difficult to explain how an 
AtKdsA2 specific RNAi construct would produce a lethal phenotype. This could be explained by 
the phenomenon of transitive RNAi, the spreading of RNA silencing to regions outside the 
inducer sequence (Baulcombe, 2004; Boyd, 2008; Mahmood-ur-Rahman et al., 2008), which 
could make it possible that the RNA silencing has spread 3’ to 5’ along the AtKdsA2 gene to 
include a region conserved between AtKdsA2 and AtKdsA1. This could result in small interfering 
RNAs homologous to AtKdsA1 being produced and the knockdown of both AtKdsA genes by an 
inducing sequence designed to target AtKdsA2 only.  
   If this was the case, it would suggest that RG-II side chain C may play an important role in 
regulating multiple processes during vegetative development of Arabidopsis and that inducible 
approaches will be required for further characterisation of the developmental function of RG-II. 
However, in the absence of direct evidence for the presence of the RNAi T-DNA in putative true-
leaf lethal seedlings, a failure to generate transformants due to some as yet unidentified problems 
associated with the expression vector pK7GWIWG2i is a more likely explanation (see Chapter 7, 
for further discussion of this point). 
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5. Inducible gene knockdown approaches to disrupt Kdo 
biosynthesis 
xxxxxxxxxx 
 
 
 
 
 
 
 
 
 
 
5.1 INTRODUCTION 
5.1.1 Inducible systems 
      Constitutive promoters, such as the CaMV 35S, are regularly used to great effect for the 
expression of transgenes in plants. However, there are situations where constitutive expression of 
a transgene is problematic, such as when expression of a transgene compromises plant viability 
or fertility and it is then advantageous to use an inducible system (Wang et al., 2003). Early 
systems designed to restrict gene expression to specific tissues or at particular times relied on 
tissue specific promoters or promoters responding to environmental cues such as heat-shock 
(Prandl and Schoffl, 1996), light (Kuhlemeier et al., 1987) or wounding (Keil et al., 1989). These 
systems also have problems, tissue-specific promoters restrict analysis to a few cell types and can 
cause unwanted effects, while when using promoters responding to environmental cues the 
induction often causes unwanted effects and the induction can be difficult to control.  
 
5.1.2 Chemically regulated inducible expression systems 
   To address the limitations of early systems for the control of transgene expression a number of 
chemical-inducible systems have been developed in plants. The properties of an ideal chemical-
inducible system include very low basal expression, high inducibility, high specificity with 
respect to inducers, high dynamic range of response with respect to inducer concentrations, fast 
response upon induction, rapid switch-off following inducer withdrawal, non-toxic, causing no 
physiological effects on plants and not found in target plants (Zuo and Chua, 2000). 
Generally, chemical induction systems consist of two transcription elements. The first is a 
transcription factor that responds to a chemical signal. The second transcription element contains 
a response element through which the activator transcription factor binds the gene of interest 
(Padidam, 2003). Some of these systems are discussed below.  Chapter 5 
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   Tetracycline: TetR transcription factor binds to the tetracycline (tet) operator of the target gene 
and inhibits transcription. Binding of tetracycline to the tetR results in a conformational change 
releasing TetR from the operator and allowing transcription of the target gene (Gatz et al., 1992). 
This system has been successfully used in tobacco, potato and tomato (Gatz and Lenk, 1998) but 
not Arabidopsis (Gatz, 1996). The high nuclear levels of TerR required for repression of the 
target gene(s) may be toxic to some plants and is a major disadvantage of this system. 
   Ethanol-inducible  system:  Ethanol-inducible expression from the AlcA promoter has been 
increasingly popular in plants. This system takes advantage of the Aspergillus nidulans ALCR 
transcription factor which is activated by ethanol treatment. Transgenes are cloned under the 
control of the alcA chimeric promoter composed of the CaMV 35S minimal promoter (-31 to +5) 
fused to the ALCR-binding sites of the alaA promoter (Caddick et al., 1998; Garoosi et al., 2005; 
Junker et al., 2003; Ketelaar et al., 2004; Laufs et al., 2003; Lo et al., 2005; Roslan et al., 2001; 
Salter et al., 1998; Sweetman et al., 2002). 
   Copper-inducible system: A copper-inducible system has also been used in plants and operates 
similarly to the ethanol-inducible system (McKenzie et al., 1998; Mett et al., 1993). The system 
consists of two components; (1) a constitutively expressed yeast transcription factor, activating 
copper-MT expression (ACE1), and (2) the gene of interest under the control of a chimeric 
promoter consisting of a partial CaMV 35S promoter linked to the ACE1 transcription factor 
binding site. At higher copper concentrations ACE1 binds to and activates transcription from the 
chimeric promoter (Mett et al., 1993).  
   Other  systems:  Other systems include dexamethasone-, estradiol-, Dex-, tebufenozide-, 
methoxyfenozide-, benzothiadiazole- and safener-inducible systems all of which have strengths 
and limitations as chemical inducible systems in plants (Padidam, 2003).  
 
5.1.3 Inducible gene knock-down  
   In plants, there are numerous applications for inducible transgene systems and inducible down-
regulation of gene expression by RNAi. For example, a copper-inducible antisense system was 
the first reported use of an inducible approach to gene silencing and was used to study how 
altered Alternative oxidase (AOX) levels affect alternative pathway activity in the mitochondrial 
electron transport chain. Transgenic Arabidopsis carrying a construct with Aox1a cDNA cloned 
behind a copper-inducible promoter in the antisense orientation were shown to have decreased 
alternative pathway activity post-induction when compared to wild-type and non-induced plants 
(Potter et al., 2001). 
   An ethanol-inducible RNAi approach was used to study the role of actin interacting protein 1 
(AIP1) in plant development (Ketelaar et al., 2004). An ethanol-inducible RNAi construct with 
sense and antisense AIP1 sequences (an inverted hairpin loop) under the control of the alcA 
promoter together with constitutive alcR expression allowed inducible knockdown of the AIP1 Inducible gene knockdown approaches 
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genes. Cells of the leaves, roots and shoots of Arabidopsis AIP1-RNAi lines failed to expand 
normally after induction suggesting an essential role for AIP1 in plant development. Similarly, an 
ethanol-inducible RNAi system has been tested in tobacco by targeted silencing of a transgene 
encoding  β-glucuronidase (GUS) with Ethanol treatment successfully silencing the GUS 
transgene (Lo et al., 2005). An inducible RNAi approach has also been used to overcome the 
lethality of a double knock-out (Dietrich et al., 2008). The genes AtLCB2a and AtLCB2b encode 
functionally redundant isoforms of a sphingolipid biosynthesis protein, LCB2. While T-DNA 
mutants of either gene produced no identifiable phenotype, a homozygous double mutant could 
not be recovered due to the lethality associated with an inability to transmit the lcb2 null 
genotype through the haploid pollen. Inducible RNAi silencing of AtLCB2b in an Atlcb2a mutant 
background was used to examine the effect of reduced LCB2 in sporophytic cells. 
 
5.1.4 GAL4/UAS tissue specific RNAi 
   A limitation of most chemical inducible systems is that they use a constitutive promoter to 
express a transcription factor which responds to a chemical. This allows temporal control of 
transgene expression but makes it impossible to control the exact location of transgene 
expression. A GAL4/UAS two-component system has been developed in Drosophila for the 
purpose of targeting transgene expression (Brand and Perrimon, 1993). By fusing the yeast 
GAL4 transcriptional activator to a weak P-transposase promoter, fortuitous insertion of this 
construct adjacent to additional transcriptional regulatory elements in the Drosophila genome can 
produce a range of GAL4 expression patterns. GAL4 has no endogenous targets in Drosophila 
but can activate transcription in flies from promoters carrying GAL4 binding sites, known as 
upstream activator sequences (UAS). As a result, a transgene under the control of a GAL4-
activated promoter (UAS) will not be expressed in Drosophila. However, upon either 
transformation or crossing into a GAL4 enhancer trap line the transgene, by GAL4-mediated 
transactivation, will be transcribed in those tissues expressing GAL4. 
   Enhancer trap lines have been used to demonstrate that the transcription factor SCARECROW 
(SCR) is required for distal specification of the quiescent centre (QC) of the Arabidopsis root 
meristem (Sabatini et al., 2003). Firstly, GFP marking of the QC by a SCR promoter driving GFP 
is absent in a scr mutant background suggesting a possible QC identity defect in the scr mutant. 
Furthermore, re-expression of the SCR gene in the QC region of scr-1 roots using a UAS::SCR 
transactivation construct restored QC identity. This system has been adapted for use in 
Arabidopsis by designing a GAL4/VP16 enhancer so that GAL4/VP16 (a modified fusion protein 
of GAL4 DNA-binding domain with the herpes virus VP16 activation domain) expression would 
be dependent upon fortuitous insertion of the T-DNA downstream of an enhancer element 
(Haseloff, 1999). Thousands of transformants were screened and hundreds of lines showing 
interesting stable root GAL4/VP16 expression patterns have been identified and made available Chapter 5 
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through NASC (Fig. 5.1). As in Drosophila, a transgene under the control of an UAS will not be 
transcribed in Arabidopsis unless crossed or transformed into an enhancer trap line, in which 
case, the transgene will be transcribed in those specific tissues expressing GAL4/VP16 (Gallois 
et al., 2004; Sabatini et al., 2003). 
      In Arabidopsis most of the plant shoot originates from meristematic cells specified by 
WUSCHEL (WUS). The GAL4/VP16-UAS system has been used to investigate the effects of 
ectopic expression of WUS (Gallois et al., 2004). Ectopic shoot tissues were induced in the roots 
using an enhancer trap line (J2301) expressing GAL4/VP16 in the lateral root cap and 
atrichoblasts of the root epidermis with a UAS:WUS construct. 
 
 
Figure 5.1 Examples of GAL4/VP16 driver lines with tissue specific expression patterns. 
Confocal microscopy images of 5 to 10-day-old Arabidopsis roots expressing GFP. (A) J0951, 
lateral root cap and epidermis. (B) J2552, root cap expression. (C) J1442, vascular expression. 
(D) J1092, expression behind root cap. (E) J2312, expression throughout older parts of root. 
Adapted from Laplaze et al. (2005) 
 
5.1.5 The GAL4/VP16-UAS ALCR/alcA temporal and spatial transgene expression system 
   The ALCR/alcA ethanol-inducible and GAL4/VP16 expression systems have been elegantly 
combined to achieve temporal and spatial control of transgene expression in Arabidopsis (Jia et 
al., 2007). To achieve this, the binary vector 962-UAS was constructed in which the ALCR 
activator and transgene are placed under the control of a UAS element and alcA response 
element, respectively. This was then combined with different GAL4/VP16-UAS enhancer trap 
lines in which the GAL4/VP16 fusion protein is under the control of -45CaMV, the basal element 
of the cauliflower mosaic virus 35S promoter and GFP is under the control of a UAS element. 
When these systems are combined the upstream tissue specific enhancer element together with 
the -45CaMV promoter express the GAL4/VP16 protein in specific tissues, providing the spatial 
A
E
C
D
B
 Inducible gene knockdown approaches 
69 
 
control. In these tissues, GAL4 binds the UAS elements activating expression of ALCR which 
binds at the alcA response element and, in the presence of the ethanol-inducer, activates 
transcription of the transgene, thus providing the additional temporal control (Fig. 5.2) (Jia et al., 
2007). This was demonstrated by the tissue specific induction of GUS reporter gene expression. 
Transformation with a similar vector, in which GUS is replaced by an antisense or inverted-
repeat sequence of a target gene, would enable the spatial and temporal control of gene down-
regulation. The most significant advantage of the combination of the GAL4/VP16-UAS and 
ALCR/alcA systems over other temporal and spatial transgene expression systems is that with 
such a large library of enhancer trap lines there are hundreds of different expression patterns 
available. 
 
Figure 5.2 Combination of the ALCR/alcA ethanol switch and GAL4/VP16-UAS enhancer 
trap system enables spatial and temporal control of transgene expression in Arabidopsis. 
Schematic showing how the GAL4/VP16-UAS enhancer trap and ALCR/alcA ethanol switch 
genetic constructs control transgene expression. ALCR, transcriptional factor which binds to the 
alcA promoter, 35ST, cauliflower mosaic virus 35S terminator; alcA, the chimeric promoter 
composed of the CaMV 35S minimal promoter fused to the ALCR-binding site of the alcA 
promoter; GAL4/VP16, fusion protein of the GAL4 DNA-binding domain with the herpes virus 
VP16 activation domain; UAS, upstream activator sequence; GFP, green fluorescent protein; -
45CaMV, basal element of the cauliflower mosaic virus 35S promoter; +EtOH, in the presence of 
ethanol 
 
5.1.6 Inducible antisense knockout of Kdo-8-P and CMP-Kdo Synthases 
      Using the large range of GAL4/VP16 enhancer trap lines available combined with 
UAS:ALCR- ALCA:antisense lines expressing sequences complementary to the Kdo-8-P 
synthases (AtKdsA1  and  AtKdsA2) and CMP-Kdo synthase genes (AtKdsB), should allow 
Arabidopsis to be challenged with very precise spatial and temporal disruption of Kdo 
biosynthesis, and ultimately altered RG-II structure. Similarly, by combining the 
ALCA:antisense lines with a line constitutively expressing GAL4 it will be possible to induce 
-45CaMV GAL4/VP16 NosT UAS GFP NosT
UAS ALCR NosT 35ST transgene alcA
+EtOH
GAL4/VP16
ALCR
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knockdown throughout the plant. Using the root as a model system it would then be possible to 
investigate the developmental function of RG-II in specific tissues or groups of tissues and at 
various stages of root development. 
   The fine control over both temporal and spatial down-regulation offered by combining the 
GAL4/VP16-UAS enhancer trap and ALCR/alcA systems creates the possibility of examining 
the developmental function of RG-II. For example, enhancer trap lines J0121 and J0192 express 
GAL4/VP16 in root xylem-pole pericycle cells and young lateral root primordial, respectively, 
and would be useful for the study of lateral root development (Laplaze et al., 2005). Either of 
these lines, in combination with UAS:AS constructs, could be used to establish if RG-II is 
required for lateral root development. In this way, induced down-regulation of RG-II biosynthesis 
genes in specific tissues and/or developmental stages could reveal what roles RG-II may have in 
root elongation, root morphology, root gravitropism, root hair and lateral root formation. This 
chapter aims to establish a genetic tool-kit in Arabidopsis that combines the GAL4/VP16 and 
ALCR/alcA systems to allow temporal and spatial control of RG-II biosynthesis gene expression. 
5.2 METHODS 
5.2.1 Generating inducible antisense expression clones 
   The attB-flanked PCR fragments for inducible antisense knockdown of AtKdsA1, AtKdsA2 and 
AtKdsB were amplified by PCR using primer pairs shown in Table 5.1. Entry clones were 
generated as described in Chapter 2 and expression clones generated by recombination reaction 
between the entry clone and destination vector, 962-UAS::GW, using LR clonase (Invitrogen) 
and transformed into E. coli DH2α by heat-shock transformation. Isolated colonies were cultured 
in LB broth containing kanamycin (50 µg/ml) and expression clone plasmid DNA purified using 
a QIAprep Spin Miniprep Kit (QIAGEN). Expression clones were checked by PCR, restriction 
enzyme digestion and DNA sequencing (Geneservice).  
Table 5.1 Primers for inducible RNAi knockdown of Kdo synthesis genes KdsA1, KdsA2 and KdsB 
Gene  Gene id and 
accession numbers  Forward primer  Reverse primer 
KdsA1  NP_001185011.1 
(At1g16340) 
iKdsA1-attB1  
5’-AAAGTGACGTACGGACCC-3’ 
iKdsA1  
5’-GAAATGGCGAATTCAGCG-3’ 
KdsA2  NP_001154477.1 
(At1g79500) 
iKdsA2-attB1 
5’-CCTCGCGATCACTGAGCC-3’ 
iKdsA2-attB2  
5’-CACTCTGCAGCAACTTCG -3’ 
KdsB  NP_175708.2 
(At1g53000) 
iKdsB-attB1  
5’-GTACTCCTAATGAAAGGG-3’ 
iKdsB-attB2  
5’-CTCTCACTCACTCACCGG -3’ 
attB1 primers include the sequence 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCT-3’ 
attB2 primers include the sequence 5’-GGGGACCACTTTGTACAAGAAAGCTGGGT-3’ 
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   The expression clones (962-UAS:iKdsA1, 962-UAS:iKdsA2 and 962-UAS:iKdsB) that carry 
the ALCR gene under the control of UAS promoter and an antisense transgene driven by the alcA 
promoter (see section 5.1.5 for further details), were co-transformed with helper plasmid pSoup 
to Agrobacterium by electroporation. Recombinant Agrobacterium carrying the expression clone 
were selected on LB agar supplemented with kanamycin (50 µg/ml). See Chapter 2 for further 
details of the cloning strategy. 
 
5.2.2 Selection of GAL4/VP16 driver lines 
      GAL4/VP16 enhancer trap lines J0121, J0481, J0571, J0631, J0951, J2672, J3611, J0491, 
J0671, J1442 and J2312 were obtained from NASC and lines J1042 and J2501 were supplied by 
Alan Marchant. These lines were identified as showing an interesting range of GAL4/VP16 
expression reported by GFP gene expression. In addition, for ubiquitous inducible expression of 
the antisense sequence an aux1/pACT35S (35S GAL4) line has been acquired from Ranjan 
Swarup (University of Nottingham). 
 
5.2.3 Characterisation of GAL4/VP16 enhancer trap lines 
   Confocal microscopy was used to characterise the GFP expression patterns of the GAL4/VP16 
enhancer trap lines. The cell walls of young seedlings (5-10 days) were counterstained for 2 
minutes with 10 µg/ml propidium iodide and mounted in water under a cover slip. GFP was 
excited by 488 nm (510-560 nm emission) and propidium iodide fluorescence by 568 nm 
excitation (580-660 nm emission) with the red emission of the propidium iodide easily separated 
from the green emission of GFP. Images were taken using a Leica TCS SP2 confocal microscope 
at 568 nm excitation, 580-660 nm emission. 
 
5.2.4 Combining the GAL4/VP16 and 962-UAS elements 
   Inducible antisense lines have been generated in the Col-0 background while the GAL4/VP16 
enhancer trap lines are in the C24 background. This can be problematic because Col-0/C24 
hybrid plants display increased vegetative growth and can be slow to flower. In order to remove 
this effect it is necessary to backcross to the Col-0 ecotype over several generations. To achieve 
this, seed resulting for a GAL4/VP16 × 962-UAS:antisense cross were germinated and grown on 
agar media containing both hygromycin and kanamycin (the resistance markers for the 
GAL4/VP16 and 962-UAS T-DNAs, respectively) and those plants displaying dual resistance 
selected for back-cross to the homozygous 962-UAS inducible antisense line. This was repeated 
for several generations until Col-0-like development was established (Fig. 5.3). Final genotyping 
was performed using the above resistance markers to identify double homozygous lines. Chapter 5 
 
72 
 
 
Figure 5.3 Combination of the ALCR/alcA ethanol switch and GAL4/VP16-UAS enhancer 
trap lines in Arabidopsis. Schematic showing how the GAL4/VP16-UAS enhancer trap and 
ALCR/alcA ethanol switch genetic constructs have been combined into a single double 
homozygous line ready for phenotypic analysis. 
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5.2.5 Testing induction system 
   Before  phenotypic  characterisation  of  the  GAL4/VP16  962-UAS::antisense  lines,  ethanol 
induction  conditions  were  tested. To  investigate the  possibility  of  adding  ethanol  directly  to 
molten agar media and establish ethanol toxicity levels, seedlings were grown on half-strength 
MS agar plates supplemented with a range of ethanol concentrations (up to 2%, v/v) and seedling 
germination  rates  scored  after  48  hrs.  Seeds  were  considered  germinated  when  the  radicle 
protruded to a length of 1 mm. Furthermore, the responsiveness and specificity of the ethanol 
inducible  system  was  tested  using  an  Alca::GUS  line  that  constitutively  expresses  the 
transcription factor ALCR (35S::ALCR). Seedlings were grown hydroponically on half-strength 
MS agar media 1% (w/v) in the presence of 0.2% (v/v) ethanol (+EtoH) or in the absence of 
ethanol (-EtoH) (absolute ethanol was added to molten agar media at <50°C). Additionally, the 
potential use of ethanol vapour as an inducer was tested by the placing a sterile polypropylene 
tube filled with 5% ethanol at the bottom of the growth plate. Induction of the GUS expression 
was assessed in whole mount Arabidopsis seedlings by staining with the substrate 5-bromo-4-
chloro-3-indolyl glucuronide (X-Gluc) (as described in Chapter 3, section 2). 
 
5.2.6 Testing J0951/iKdsB line 
   The  J0951/iKdsB  line  was  the  first  GAL4/VP16  alcA::antisense  combination  for  which 
unambiguously double homozygous seed were identified (Fig. 5.4).  To test the possibility that 
the  antisense  transgene  could  be  induced  using  this  approach,  J0951/iKdsB  seedlings  were 
germinated and grown on solid agar media supplemented with 0.2% ethanol and young seedlings 
(5 to 10 days-old) screened for developmental phenotypes. As controls, Col-0 and Col-0-like 
J0951 (J0951 seed homozygous for the T-DNA but that had been through the back-crossing 
procedure described in Fig. 5.3) were included in the analysis. Chapter 5 
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Figure 5.4 Segregating hygromycin resistance in J0951 ×  iKdsB cross. (A) Col-0, (B) 
homozygous iKdsB, (C) iKdsB × J0951, (D) zoom to dashed box region showing hygromycin 
sensitive seedling marked with an asterisk. Seed resistant for both kanamycin and hygromycin 
were allowed to self-pollinate and seed collected. In the progeny seed double homozygous for 
both resistance markers were identified. See Fig. 5.3 for further details of how driver and 
antisense lines were combined. 
 
5.3 RESULTS 
5.3.1 Characterisation of GAL4/VP16 enhancer trap lines 
   The tissue specificity of the GAL4/VP16 driver lines was confirmed by examination of GFP 
expression in the root tissue using confocal microscopy. The results are shown for several of 
these driver lines; J0121, shows expression in xylem pole pericycle cells; J0491, general root 
expression; J0951, lateral root cap and epidermis expression (Fig. 5.5). These results are 
consistent with what is reported in the GAL4 enhancer trap line database (Haseloff, 1999). 
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Figure 5.5 Characterisation of GAL4 expression in the roots of enhancer trap lines using a 
GFP reporter gene. J0121, expression in pericycle cells associated with xylem. J0491, general 
root expression. J0951, lateral root cap and epidermis. Scale bars are 50 µm. 
 
 
5.3.2 Combining the GAL4/VP16 enhancer trap lines and 962-UAS antisense elements 
   To achieve temporal and special control of transgene expression GAL4/VP16 enhancer trap 
lines must be combined with an alcA ethanol switch element driving expression of  962-UAS 
antisense elements. Combining these transgenes into a single line was complicated by transgene 
silencing of T-DNA antibiotic resistance markers, particularly for the kanamycin resistance 
expressed by the GAL4/VP16 driver lines. It also proved difficult to separate the aux1 mutation 
from the 35S::GAL4 insert in the aux1/pACT35S (35S GAL4) lines. A double homozygous line 
for 35S::GAL4 and 962-UAS::iKdsB  (35S/iKdsB) was identified but displayed reduced 
gravitropism in un-induced conditions, suggesting the continued presence of the aux1 mutation 
(Fig. 5.6). However, the possibility remains that this developmental phenotype is in fact caused 
by the iKdsB transgene. Although the phenotype is seen in the un-induced condition, this could 
be a result of leaky expression due to the KdsB  antisense sequence. Further genotypic and 
phenotypic characterization of the 35S/iKdsB lines will be required before these issues can be 
resolved. 
Wild type J0121 J0491 J0951 Wild type
50 µm 
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J0121 J0491 J0951 Wild type
Wild type J0121 J0491 J0951 Wild type
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Figure 5.6 Partial gravitropism of 35S::GAL4/iKdsB suggestive of a failure to remove the 
aux1 mutation carried in the aux1/pACT35S (35S GAL4) line. 
 
5.3.3 Testing induction system 
   To test the feasibility of adding ethanol directly to molten agar media to germinate and grow 
seedlings under induced conditions, the germination rates of wild-type (Col-0) and 
35S::GAL4/alcA::GUS seed was tested across a range of ethanol concentrations from 0 to 2% 
(v/v). Seed germination was found to remain stable at ethanol concentrations of up to 0.2% (v/v) 
(>80%) but drop rapidly at higher concentrations. At 0.5% ethanol <50% of seeds had 
germinated after 48 hours and a <10% germination rate was achieved at ethanol concentrations of 
1% (Fig. 5.7). At a concentration of 2% the germination rate was zero. The results were 
comparable for the Col-0 and 35S::GAL4/alcA::GUS seed. These results suggest that ethanol 
added directly to the media can be used at concentrations of up to 0.2% without significant 
toxicity for the plant. 
 
Figure 5.7 The effect of ethanol on germination rates. Wild-type (Col-0) and Alca::GUS 
Arabidopsis seed were germinated on solid (0.8%, v/v) half-strength MS agar media plates 
supplemented with 1% (w/v) sucrose (+Suc) or lacking sucrose (+Suc), in the presence of up to 
0.2% (v/v) ethanol. Values are means of two biological repeats from up to 80 seeds. 
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Figure 5.8 Testing the ethanol induction system in Arabidopsis. 7-day-old  Arabidopsis 
seedlings germinated and grown vertically on half-strength MS agar plates supplemented with 
1% (w/v) sucrose in the presence of 0.2% (v/v) ethanol (+EtOH) or in the absence of ethanol 
(EtOH).  
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5.3.4 Root hair inhibition in J0951/iKdsB lines 
   Seedlings double homozygous for the J0951 GAL4/VP16 driver and the 962-UAS::iKdsB T-
DNAs (J0951/iKdsB) were used to test the feasibility of using this two-component spatial and 
temporal gene knock-down approach. Induction of the KdsB antisense expression by germinating 
and growing J0951/iKdsB seedlings on media containing 0.2% (v/v) ethanol almost completely 
abolishes root hair formation with no obvious effect on primary root length (Fig 5.9). In 
uninduced conditions root hairs formed normally and in the ethanol conditions control plants 
(Col-0 and Col-0-like J0951) produced root hairs. This results suggests that KdsB expression in 
the lateral root cap/epidermis is essential for the formation of root hairs in Arabidopsis seedlings. 
However, it will be important to confirm KdsB knock-down and its tissue specificity. 
 
Figure 5.9 Root hair initiation is inhibited in J0951/iKdsB under induced conditions. 7-day-
old  Arabidopsis  seedlings germinated and grown vertically on half-strength MS agar plates 
supplemented with 1% (w/v) sucrose in the presence of 0.2% (v/v) ethanol (+EtOH) or in the 
absence of ethanol (EtOH).  Scale bar, 500 µm.  
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5.4 DISCUSSION 
5.4.1 Inducible knockout of Kdo-8-P and CMP-Kdo synthase 
   The usefulness of T-DNA knock-out and constitutive RNAi approaches to the study of RG-II 
function via disruption of Kdo biosynthesis and activation has thus far been limited by the failure 
to identify homozygous null mutants (Delmas et al., 2008; Kobayashi et al., 2011) or transgenic 
RNAi knock-down lines (Chapter 4). Thus, an alternative inducible RNAi approach has been 
used in which the spatial and temporal expression of a transgene expressing an antisense 
sequence complementary to either KdsA1  or  KdsB  can be controlled by the choice of 
GAL4/VP16 driver line (spatial control) and ethanol induction (temporal control). Two main 
approaches are proposed; (1) a 35S:GAL4 driver line is combined with an ethanol inducible 
element (UAS::ALCR alcA::transgene) to allow knock-down of a gene in all tissues at particular 
stages of development. (2) Enhancer trap GAL4/VP16 lines expressing GAL4 in a specific set of 
tissues are combined with the same ethanol inducible element thus providing an additional spatial 
control of transgene expression.  
   The J0951/iKdsB line was the first to be identified as unambiguously double homologous for 
the GAL4/VP16 driver and ethanol-inducible RNAi constructs. The J0951 GAL4/VP16 driver 
line expression pattern is restricted to the epidermal cells and the root cap and the iKdsB 
construct carries a KdsB  coding sequence in the antisense orientation. The KdsB  antisense 
transgene is under the control of the alcA promoter which is only active when bound by the 
ALCR transcription factor in the presence of ethanol. As the ALCR transcription factor is 
controlled by the UAS promoter, that requires GAL4, the J0951/iKdsB double homozygous line 
can be used to specifically knock-down KdsB expression in the epidermis and root cap at any 
developmental stage. To test this, Arabidopsis Col-0, J0951 and J0951/iKdsB seedlings were 
germinated and grown vertically on MS agar plates (1% sucrose) in the presence of 0.2% (v/v) 
ethanol or without ethanol. After 7 days growth, examination under a dissecting microscope 
revealed a clear absence of root hair formation in the J0951/iKdsB in the presence of ethanol.  
Importantly, the J0951/iKdsB line displays this growth defect only in the presence of ethanol 
induction (Fig. 5.9). This result therefore provides a proof of principle for the use of a two 
component inducible system for the knock-down of Kdo biosynthesis genes, opening new 
opportunities for further dissection of the function of RG-II through characterization of further 
GAL4/VP16 enhancer trap and alcA ethanol switch combinations. Although these preliminary 
results are encouraging it is necessary to identify double homozygous lines for each of the 
GAL4/VP16 driver line/RNAi combinations to be able to fully dissect the developmental impact 
of impaired or abolished Kdo biosynthesis. Once plants homozygous for each insert (GAL4 and 
inducible-antisense) have been identified it will be possible to test the effects of antisense 
transgene induction (both ubiquitously and in specific tissues) upon plant growth and Chapter 5 
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development.  Seedlings  can  be  grown  and  germinated  on  MS  media  containing  ethanol  or 
ethanol can be added as vapour at a defined stage of growth. The effect of induction on primary 
root elongation, lateral root development, root hairs and gravitropism, amongst others, can be 
studied. 
 
5.4.2 Why do root hairs stop growing? 
   Tip  growth  processes  require  localised  loosening  of  the  cell  wall.  Linear  chains  of 
homogalacturonan (HGA), a major component of pectin, can associate to form rigid structures, 
probably through calcium-linked chain packing. RG-II, is a less abundant pectic polysaccharide 
that is believed to be joined to RG-I and HGA via the backbone. It is possible that RG-II provides 
steric hindrance to the association of neighbouring domains of HGA and that alteration of RG-II 
structure causes HGA domains to coalesce, forming tightly associated structures. Indeed, such a 
model has been used to account for the role of arabinans in maintaining pectin fluidity (Jones et 
al., 2003). In fact, it is possible to speculate that RG-II could act as a dimer site and/or primer for 
pectin  methylesterase  (PME)  activity.  PMEs  remove  methyl  esters  from  carboxyl  groups  of 
HGA. The absence of RG-II side Cain C and/or a reduction in RG-II cross-linking could thus 
result in a tighter matrix gel incompatible with the localized cell wall loosening required for tip 
growth  processes.  An  alternative  model  of  how  changes  to  dynamic  remodelling  of  wall 
architecture can account for the inhibition of root hair formation in J0951/iKdsB involves the 
xyloglucan endo-transglycosylase (XET). The xyloglucan transglucosylase-hydrolases cleave and 
transglucoylate xyloglucan to facilitate expansive growth (see chapter 1). Indeed, XET has been 
shown to be active at the location of root hair development. There are very few candidates for 
remodelling of the pectic network during growth raising the possibility that an as yet unidentified 
RG-II specific transglycanase and/or transesterases is involved in remodelling the pectic network 
during cell growth, and that loss of the RG-II side chain C results in a loss of activity and a more 
rigid  cell  wall;  thus  an  inhibition  of  root  hair  formation  in  the  J0951/iKdsB  under  induced 
conditions. 
 
5.4.3 Future Work 
5.4.3.1 Confirm tissue specific knockdown of KdsA and KdsB 
   In the presence of ethanol the J0951/iKdsB seedlings fail to produce root hairs but despite the 
identification of a clear phenotype we have yet to demonstrate that; (1) A reduction in AtKdsB 
transcript is responsible for this phenotype and, (2) that any gene knock-down is tissue specific. 
Furthermore, assuming KdsB expression is reduced in the presence of ethanol in a tissue specific 
manner, it would still be necessary to demonstrate that this results in altered RG-II composition.   
Future work will include confirmation of gene knock-down of KdsB in induced conditions and 
examination of RG-II structure. Determining the tissue specificity of the gene-knockdown in Inducible gene knockdown approaches 
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J0951/iKdsB and other combinations will been problematic given the need to examine transcript 
levels at cellular resolution. However, this would be possible using in situ hybridization (ISH), a 
technique that allows for precise localization of a specific nucleic acid segment within a 
histologic section. ISH is based on the principle that nucleic acids, if preserved adequately within 
a histologic specimen, can be detected through the application of a complementary strand of 
nucleic acid to which a reporter molecule is attached. Visualization of the reporter molecule 
allows localization of DNA or RNA sequences in a heterogeneous cell population and could be 
used to assess the degree of gene expression in specific root tissues. Such analysis of various 
driver line/gene knock-down combinations, to build a full picture of the developmental 
contribution of RG-II (and specifically the developmental importance of side chain C). 
 
5.4.3.2 Modifier screen using mutagenized seed of the J0951/iKdsB background  
   Modifier screens are forward genetics screens that use a sensitized background to search for 
genes with overlapping functions. Due to a large number of gene families in Arabidopsis, many 
single gene mutations do not result in an observable phenotype (Cutler and McCourt, 2005). 
However, using a modifier screen, enhancer mutations might uncover partially redundant 
pathways, while suppressor mutations can identify interacting proteins or alternative pathways 
(Vidaurre and Bonetta, 2012). Although relatively underutilized in plants there are a few 
examples of successful use of modifier screens in plant cell wall research (Diet et al., 2006; 
Hematy et al., 2007). As an example, theseus1  (the1), a semidominant suppressor of the 
cellulose-deficient mutant procuste1-1  (prc1-1) (Fagard et al., 2000), suppresses the short 
hypocotyl phenotype of prc1-1. the1 was shown to encode a protein-kinase-1-like protein that 
plays a role in monitoring cell wall integrity. By screening a mutagenized population of 
J0951/iKdsB seedlings grown under transgene induced conditions it may be possible to identify 
RG-II interacting genes that either rescue the root hair phenotype or exaggerate developmental 
defects in J0951/iKdsB seedlings. Such mutants might include novel RG-II interacting genes and 
candidate genes for pectin network remodelling during cell expansion. 
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6. Characterisation of an Arabidopsis CMP-Kdo transporter 
T-DNA mutant 
xxxxxxxxxxxxxxxxx 
 
 
 
 
 
 
 
6.1 INTRODUCTION 
6.1.1 Transporter proteins 
      A transport protein is generally required for a molecule to enter or leave a cell, or cross 
organelle membranes (Rothman, 1994). There are three major types of membrane transport 
proteins, ATP-powered pumps, channel proteins and transporters (Fig. 6.1) (Lodish et al. 2000). 
ATP-powered pumps are ATPases that hydrolyse ATP to ADP and Pi, using the energy released 
to move ions or small molecules across a membrane against a concentration gradient or electric 
potential. Channel proteins form protein lined channels across membranes and can transport 
water or specific ions down a concentration gradient or electric potential in an energetically 
favourable reaction. The transporters make up a third class of membrane transport protein 
responsible for moving a wide variety of ions and molecules across membranes. Transporters 
typically bind one (or up to a few) substrates at a time and undergo a conformational change 
resulting in the transport of substrate across the membrane. There are three types of transporter; 
uniporters, antiporters and symporters (Fig. 6.1). Uniporters transport a single molecule at a time 
down a concentration gradient while antiporters and symporters, known as cotransporters, 
balance the transport of one molecule down a concentration gradient with another molecule 
moving against its concentration gradient (Lodish et al. 2000). 
 
6.1.2 Nucleotide sugar transporters 
   In eukaryotes, nucleotide sugars such as UDP-glucose are synthesised in the cytosol (Kean et 
al., 2004) and must be transported across either Golgi or ER membranes before they can act as 
substrates for downstream glycosyltransferases (Gerardy-Schahn et al., 2001; Schuman et al., 
2007). Nucleotide sugar transporters (NSTs) are membrane transport proteins responsible for the 
delivery of activated nucleotide sugars across the membrane of the target organelle. NSTs are 
typically antiporters and couple the delivery of nucleotide sugars into Golgi or ER lumen with the 
simultaneous exit of nucleotide monophosphates in an energy independent reaction (Berninsone Chapter 6 
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and Hirschberg, 2000; Caffaro and Hirschberg, 2006; Handford et al., 2006; Kawakita et al., 
1998). 
Figure 6.1 The major types of membrane transport protein. (A) The three major types of 
transport protein; ATP-powered pumps utilize the energy released by ATP hydrolysis to power 
movement of specific ions (red circles) or small molecules against their electrochemical gradient. 
Channels catalyze movement of specific ions (or water) down their electrochemical gradient. 
Transporters, which fall into three groups, facilitate movement of specific small molecules or 
ions (black circles). (B) The three groups of transporters; Uniporters, transport a single type of 
molecule down its concentration gradient. Cotransporter proteins (symporters and antiporters) 
catalyze the movement of one molecule against its concentration gradient (black circles), driven 
by movement of one or more ions down an electrochemical gradient (red circles). Symporter and 
antiporter proteins differ in the relative direction of movement of the transported molecule and 
cotransported ion. Adapted from Lodish et al. (2000). 
 
6.1.3 Nucleotide sugar transporters and cell wall biosynthesis 
   A number of NSTs involved in plant cell wall biosynthesis have been identified and their 
physiological function demonstrated. Examples include the Arabidopsis thaliana UDP-galactose 
Transporter 1 (AtUTr1) gene that encodes a multi-transmembrane hydrophobic protein similar to 
NSTs (Norambuena et al., 2002) and GONST1 which functions as a GDP-mannose transporter 
(Baldwin et al., 2001). UDP-galactose is a substrate for the synthesis of polysaccharides and 
glycoconjugates in the lumen of the Golgi apparatus. The UDP-galactose is synthesised in the 
(A)
(B)
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ATP ADP + Pi
ATP‐powered pump Ion channel Transporter
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cytoplasm and requires a specific transporter to enter the Golgi. In Arabidopsis the AtUTr2 gene 
encodes a Golgi localised UDP-galactose transporter that can complement a mammalian cell line 
deficient in transport of UDP-galactose into the Golgi (Norambuena et al., 2002).  
      The Arabidopsis Golgi nucleotide sugar transporter (GONST1) can complement a GDP-
mannose transport-defective yeast mutant (vrg4-2) suggesting GONST1 functions as a GDP-
mannose transporter required for the transport of GDP-mannose into the Golgi lumen for the 
synthesis of mannose containing polysaccharides such as xyloglucan and pectins (Baldwin et al., 
2001). GONST1 promoter::GUS studies show a ubiquitous expression pattern (Baldwin et al., 
2001) and  results from a chimeric GONST1-YFP fusion protein suggest GONST1 is Golgi-
localized, consistent with a role as a NST (Baldwin et al., 2001). Mutants deficient in GONST1 
and AtUTr2 have yet to be analysed. 
   A further example of a NST involved in cell wall biosynthesis is the GDP-fucose transporter. 
The xyloglucan α,1-2 fucosyltransferase (XG-FucTase) enzyme from pea (Pisum sativum) is 
responsible for the substitution of xyloglucan with fucose using GDP-Fuc as substrate (Camirand 
et al., 1987; Farkas and Maclachlan, 1988; Hanna et al., 1991). It has been demonstrated that XG-
FucTase has a lumen facing active site typical of glycosyltransferases and that GDP-Fucose is 
taken up into the Golgi by a NST distinct from the UDP-Glc transporter (Norambuena et al., 
2002; Wulff et al., 2000), suggesting that a specific GDP-fucose transporter is required for the 
transport of GDP-Fucose into the Golgi.   
 
6.1.4 Sialic acids 
   Sialic acids are a physiologically important family of monosaccharides the most common of 
which are N-Acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc). Sialic 
acids are found at the nonreducing terminal position of various glycoconjugates and the 
sialylation of proteins has been shown to affect the biological function and half-life of many 
glycoproteins. Sialic acids appear late in evolution and while widespread in higher animals are 
not generally found in prokaryotes or most invertebrates. It is commonly accepted that sialic 
acids do not exist in plants (Seveno et al., 2004).  
      There is a growing interest in the use of bioengineered plants as expression systems for 
therapeutically valuable proteins or plant-made pharmaceuticals (PMPs) (Nagels et al., 2012; 
Saint-Jore-Dupas et al., 2007). Therefore, the existence of the genetic and enzymatic basis for 
sialylation in plants is of specific interest as most human serum glycoproteins contain sialic acids 
and the absence of sialic acid residues in PMP N-glycan has been shown to be detrimental to the 
biological activity and in vivo half-life in the human recipient (Seveno et al., 2004). The absence 
of a sialic acid biosynthesis pathway in plants would be a major disadvantage in using plants as 
systems to produce PMPs. There have been reports of sialic acids isolated from plant cells and Chapter 6 
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tissues, however, these reports  have proven controversial (Seveno et al., 2004; Shah et al., 2003; 
Zeleny et al., 2006).   
 
6.1.5 Do plants have Sialic acid pathways? 
   The lectins Maackia amurensis agglutinin (MAA) and Sambucca nigra agglutinin (SNA I), 
under certain conditions, specifically bind sialic acids and have been used to search for sialic acid 
residues in plants (Seveno et al., 2004; Shah et al., 2003).  Using this approach one group 
reported 2% sialylation of glycoproteins in Arabidopsis cells. The liberated sialic acids were 
analysed by HPLC and matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry and the presence of Neu5Gc and to a lesser extent Neu5Ac reported (Shah et al., 
2003).  While Neu5Gc is not the form of sialic acid required for therapeutic glycoconjugates 
(humans only synthesise Neu5Ac) the authors suggest that enhancing endogenous plant sialic 
acid synthesis pathways may be an effective approach to improving plants as expression systems 
for PMPs. 
   In a subsequent study proteins from both Nicotiana tabacum and Arabidopsis were stained by 
MAA and SNA I lectins suggesting the presence of sialic acid containing glycoconjugates 
(Seveno et al., 2004), however, the same signal was also detected after treatment with sialidase 
which should abolish sialic acid-specific binding (Seveno et al., 2004). Furthermore, the signal 
was also found when using proteins extracted from the Arabidopsis cgl mutant, which lacks the 
ability to produce N-glycan capable of acting as a sialytransferase acceptor (Seveno et al., 2004). 
The authors suggest that these results, as well as those previously reported (Shah et al., 2003), are 
false-positives rather than the identification of genuine sialylated glycoproteins in plants (Seveno 
et al., 2004; Shah et al., 2003).  
   Similarly, a further study identified low levels of Neu5AC and Neu5Gu in plant tissues and 
cells (Zeleny et al., 2006). However, the levels of sialic acid detected were five orders of 
magnitude lower than those detected in mammalian samples. The detection of sialic acids in 
buffer blank controls lead the authors to suggest that sialic acid concentrations in plants are in the 
range of inadvertent contamination and not as a result of low expression of sialic acid pathway 
genes in plants (Zeleny et al., 2006). The possibility remains that the Neu5Ac detected is a result 
of the low specificity of  the plant Kdo-8-phosphate synthase (Brabetz et al., 2000; Doong and 
Jensen, 1992) converting GlcNAc-6-phosphate or ManNAc-6-phosphate, the products of which 
could be mistaken for Neu5Ac. However, the detection of small amounts of Neu5Ac from yeast 
which is not thought to contain Kdo-8-phosphate synthase, suggests that the Neu5Ac is of 
extraneous origin (Zeleny et al., 2006). 
   While evidence suggests no endogenous sialic acid biosynthesis pathway in plants, it has been 
possible to artificially construct a functional CMP-sialic acid biosynthesis pathway in 
Arabidopsis (Castilho et al., 2008). The simultaneous expression of three mammalian sialic acid A CMP‐Kdo transporter mutant 
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biosynthesis genes, mouse UDP-GlcNAc 2-epimerase/N-acetylmannosamine kinase (Horstkorte 
et al., 1999), human N-acetylneuraminic acid phosphate synthase (Lawrence et al., 2000) and 
human CMP-sialic acid synthase (Lawrence et al., 2001) results in the production of significant 
amounts of Neu5Ac and CMP-Neu5Ac from endogenous precursors (Castilho et al., 2008). 
Based on the studies to date the accepted dogma that plants do not possess a sialic acid 
biosynthesis pathway appears safe. 
 
6.1.6 Kdo is a more likely substrate for putative Arabidopsis Sia transporters/transferases 
6.1.6.1 Putative plant sialyltransferases (SiaT) 
   Despite the widely accepted view that plants do not possess a sialic acid biosynthesis pathway, 
putative gene homologs of sialyltransferases and CMP-Sialic acid transporters (CSTs) have been 
identified  in plants and some of these have been characterised (Bakker et al., 2007; Daskalova et 
al., 2009; Deng et al., 2010; Takashima et al., 2009). 
   Three Arabidopsis homologues of animal sialyltransferases have been identified on the basis of 
four conserved sialyltransferases motifs (Daskalova et al., 2009). One of these homologues 
(NP_190451.2, locus At3g48820) was studied for the ability to transfer sialic acid to 
oligosaccharide acceptors but was not found to have sialic acid transferase ability (Daskalova et 
al., 2009), providing further evidence that Arabidopsis and plants in general do not have sialic 
acid transferases. Another Arabidopsis SiaT-like protein is encoded by MALE GAMETOGHYTE 
DEFECTIVE 2 (MGP2). The MGP2 protein, a Glycosyltransferase Family 29 (GT29)-like 
member, has a predicted type II transmembrane domain and conserved sialyl L/S motifs typical 
of mammalian sialyltransferases. An MGP2-GFP fusion protein was shown to localize at the 
Golgi apparatus suggesting that MGP2 could function as a glycosyltransferase (Deng et al., 
2010). The male gametophyte defective 2 ( mgp2) mutant has been shown to inhibit pollen 
germination and pollen tube elongation. 
 
6.1.6.2 Putative plant sialic acid transporters 
   Two putative homologs of mammalian CMP-Sialic acid transporters (CSTs), designated CMP-
Sialic acid transporter protein1 and CMP-Sialic acid transporter protein2 (OsCSTP1 and 
OsCSTP2), have been identified in Japanese Rice (Oryza sativa) (Fig. 6.2) (Takashima et al., 
2009). OsCSTP1 and OsCSTP2 have 33% and 31% amino acid sequence identity with human 
CST. OsCSTP1 and OsCSTP2, as well as human and mouse CST, are predicted to have multiple 
transmembrane domains typical of Golgi localised NSTs (Kyte and Doolittle, 1982; Takashima et 
al., 2009). The Chinese hamster ovary cell line Lec2 has been used to study the physiological 
function of OsCSTP1 and OsCSTP2 (Takashima et al., 2009). The Lec2 cells lack CST activity 
and as a result the Golgi resident sialyltransferases are unable to utilise CMP-Sialic acid as a 
substrate in sialylglyconjugate biosynthesis (Deutscher et al., 1984). As a result the Lec2 cells are Chapter 6 
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not stained with fluorescein isothiocyanate (FITC)-conjugated Macckia amurenis (MAM) lectin 
which normally binds cell surface Siaα2,3Gal. Lec2 cells transfected with human CST and 
OsCSTP1, OsCSTP2 rescue CST activity and express cell surface sialylglycoconjugates but this 
was not the case for OsCSTP2 (Takashima et al., 2009). Furthermore, the NST activity of 
OsCSTP1 and OsCSTP2 has been examined in the yeast Saccharomyces cerevisiae. Yeast has a 
low intrinsic NST activity, therefore yeast expressing putative NSTs can be used to assay NST 
activity by measuring the uptake of radiolabeled nucleotide sugars into membrane vesicles. Using 
this approach CMP-Sia transport activity can be shown for OsCSTP1 but not OsCSTP2 
(Takashima et al., 2009). 
   Homologues  of  OsCSTP1 and OsCSTP2 have been identified in Arabidopsis 
(NP_001031992.1, locus At5g41760 and NP_680766.5, locus At4g35335) and these CST-like 
proteins are here denoted AtCSTP1 and AtCSTP2, respectively (Fig. 6.2) (Takashima et al., 
2009). The Arabidopsis CSTP1 and 2 have 76 and 79% amino acid sequence identity with their 
rice counterparts. Using Chinese hamster ovary cell line Lec2 (Bakker et al., 2007) and 
heterologous expression in the yeast Saccharomyces cerevisiae (Takashima et al., 2009), 
AtCSTP1 has been show to encode a CSTLP with CMP-sialic acid transport activity. However, 
given that sialic acid is almost certainly absent in plants (Seveno et al., 2004; Zeleny et al., 2006) 
it is necessary to consider alternative physiological functions for all putative plant sialic acid 
transporters including OsCSTP1,  OsCSTP2,  AtCSTP1 and AtCSTP2. 3-deoxy-D-manno-2-
octulosonic acid (Kdo), a rarely found sugar and component of the pectic polysaccharide RG-II, 
has been suggested as a potential substrate of the CSTLPs. Sialic acid and Kdo both possess a 2-
keto acid structure and are activated via addition of CMP. 
   Null mutants of several Arabidopsis Kdo biosynthesis genes display male gametophyte lethality 
due to a failure in pollen tube elongation (Table 6.1). Consistent with a putative CMP-Kdo 
transporting role, homozygous T-DNA insertion mutants targeting the Arabidopsis AtCSTP1 
(SALK_022145) and AtCSTP2 (SALK_015385 and SALK_001362) cannot be obtained 
(Takashima et al., 2009). Although it has not been possible to test the CSTLPs for CMP-Kdo 
transporter activity due to the highly unstable nature of CMP-Kdo, it is tempting to speculate that 
the CSTLPs actually transport CMP-Kdo in vivo. A CMP‐Kdo transporter mutant 
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Figure 6.2 Amino acid alignment of plant and human CMP-Sialic acid-like proteins. CMP-
Sialic acid-like protein sequences from Oryza sativa Japonica (NM_001064288, locus 
Os06g0523400 and NM_001066604, locus Os07g0573700), Arabidopsis thaliana 
(NP_001031992.1, locus At5g41760 and NP_680766.5, locus At4g35335), and human 
(SLC35A1) aligned using ClustalW and shaded for similarity. 
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Table 6.1 Summary of plant sialytransferases-like and  Sia transporter-like proteins  
Enzyme  Gene id and 
accession numbers  References 
AtCSTP1  At3g48820  Daskalova et al. (2009) 
AtCSTP2  At1g08280  Daskalova et al. (2009) 
MGP2  At1g08660  Deng et al. (2011) 
OsCSTP1/ 
AtCSTP1 
NM_001064288 
(Os06g0523400)/ 
NP_001031992.1 
(At5g41760) 
Takashima et al. (2009) 
OsCSTP2/ 
AtCSTP2 
NM_001066604 
(Os07g0573700)/ 
NP_680766.5 
(At4g35335) 
Takashima et al. (2009) 
Identity; percentage identity with human counterpart.  
 
6.1.7 Current research 
   This  chapter  describes  the  molecular characterization of a T-DNA insertion mutant of the 
Arabidopsis  CSTLP1  gene and phenotypic analysis suggests a number of subtle phenotypes 
indicative of cell wall loosening.  
6.2 METHODS 
6.2.1 Characterisation of a putative CMP-Kdo transporter T-DNA insertion line  
   The Arabidopsis AtCSTP1 encodes a putative CMP-Sialic acid transport like protein (CSTLP) 
with CMP-Sialic acid transport activity. The set of T-DNA insertion lines from the GABI-Kat 
collection, targeting AtCSTP1 (GK-135H09, NASC ID N412957), were obtained from the 
European Arabidopsis Stock Centre (NASC). The GABI-Kat seed set are provided as a T3 seed 
from a T2 family segregate for the insertion(s) and sulphonamide(SUL)-resistance gene. 
   Homozygous Atcstp1-gk lines identified by PCR were made from DNA extractions from pools 
of twenty seedlings from each GABI-Kat T3 line as template for genotyping by PCR using the 
AtCSTP1  gene specific primers AtCSTP1-Forward 5'-TATCCTTAGAACCCTTGC-3',  AtCSTP1-
Reverse 5'-TGACATTGTTCGAAGCCG-3', and the GABI-Kat T-DNA left border primer GK-LB 5'-
ATATTGACCATCATACTCATTGC-3'. PCR conditions were as describer in Chapter 2. The T-DNA 
insertion site within AtCSTP1 was mapped by sequencing (Geneservice) a PCR product spanning 
the T-DNA left border using primer AtCSTP1-Reverse.  
 
6.2.2 Expression analysis of Atcstp1-gk by reverse transcriptase (RT)-PCR 
   Reverse transcription polymerase chain reaction (RT-PCR) is a variant of PCR where RNA is 
reverse transcribed into its DNA complement (complementary DNA, or cDNA) using the enzyme A CMP‐Kdo transporter mutant 
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reverse transcriptase, and the resulting cDNA is amplified using PCR. By employing a range of 
thermal cycles (i.e. between 22 and 28), RT-PCR can be used semi-quantitatively for the 
determination of the abundance of specific transcript within a cell or tissue. 
   To test the AtCSTP1 expression levels in the Atcstp1-gk mutant, RNA extracts from pools of 
wild type (Col-0) and Atcstp1-gk seedlings were made as described in Chapter 2. Briefly, 
seedlings were homogenized in an RNA extraction buffer, chloroform added and the mixture 
separated into phases by centrifugation. RNA was precipitated overnight with lithium chloride 
and treated with DNase. RNA was again separated into phases with phenol:chloroform:isoamyol 
alcohol and precipitated from the aqueous phase with isopropanol. RNA content was quantified 
using a Nanodrop-100 spectrophotometer and samples normalised before cDNA synthesis. For 
greater detail of RNA and cDNA protocols see Chapter 2 cDNA was used as template to test for 
the presence of AtCSTP1 transcript in the Atcstp1-gk mutant. Primers AtCSTP1-RT-Forward 5’-
AAGATTGTGACCACTGGC-3’ and AtCSTP1-RT-Reverse 5’-TGTAGATTCCAGCTAGCG-3’ were used 
to assess  AtCSTP1 transcript levels. The ubiquitously expressed GAPC2 (Glyceraldehyde-3-
phosphate dehydrogenase C2) was utilized as a control with primers; GAPC2-Forward 5’-
GCTCACTTGAAGGGTGGTGCTAAA-3’ and GAPC2-Reverse 5’-GGCAAGAGGAGCAAGGCAGTTAG-3’. 
PCR reactions were carried out in 30 µl total volume containing 15 µl BioMix
TM Red (Bioline), 
0.5 µм of each primer and 0.5 µl of cDNA of 25, 28, 30 and 35 cycles and visualised by agarose 
gel electrophoresis. 
 
6.2.3 Expression analysis of Atcstp1-gk by quantitative real-time PCR (qPCR) 
6.2.3.1 Quantitative real-time PCR (qPCR) 
   Reverse transcriptase PCR as described above is only semi-quantitative at best and quantitative 
real time polymerase chain reaction (qPCR) was used to more accurately determine how the T-
DNA insertion affected AtCSTP1 expression in the mutant line. Real-time PCR differs from 
conventional PCR in that the amplified product (amplicon) is measured as the reaction progresses 
(in ‘real time’). This is made possible by the inclusion of a fluorescent molecule that 
proportionally reports an increase in DNA content, and specialized thermal cyclers equipped with 
fluorescence detection modules able to measure fluorescence after each cycle. In this way the 
starting template copy number can be accurately determined with high sensitivity and over a wide 
dynamic range. 
 
6.2.3.2 How real-time PCR works 
   During any PCR reaction, amplification occurs in two phases, an exponential phase followed 
by a non-exponential plateau phase. In conventional PCR, the amplicon is detected by an end-
point analysis (agarose gel electrophoresis) and the exponential phase is over-looked. In real-time 
PCR, as product accumulates and early in the exponential phases, enough amplicon will be Chapter 6 
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generated to produce a detectable fluorescent signal and the cycle number at which this occurs is 
called the threshold cycle, or CT. The larger the amount of template present at the start of the 
reaction, the fewer amplification cycles required to generate a detectable fluorescent signal and 
thus the lower the CT value. 
 
6.2.3.3 Real-time PCR reactions 
   The transcript level of AtCSTP1 was quantified relative to  a set of reference genes, specifically 
Polyubiqutin 10 (UBQ10) (At4g05320), Actin-2 (ACT) (At3g18780), tubulin (TUBb) 
(At1g75780), elongation factor 1-α (EF-1) (At1g30230), shown in Table 6.2. 
 
Table 6.2 Target and reference genes and primers used in qPCR analysis of Atcstp1-gk 
Gene  Gene id and 
accession  Forward primer  Reverse primer 
polyubiqutin 
10 (UBQ10) 
At4g05320  5’-GGTTTGTGTTTTGGGGCCTTG-3’ 5’-CGAAGCGATGATAAAGAAGAAGTTCG-3’ 
(ACT)  At3g18780  5’-TCCGCTCTTTCTTTCCAAGCTCA-3’ 5’-CCCTGGGAGCATCATCTCCTG-3’ 
tubulin 
(TUBb) 
At1g75780  5’-TGTTCAGGCGAGTGAGTGAG-3’ 5’-ATGTTGCTCTCCGCTTCTGT-3’ 
elongation 
factor 1-α     
(EF-1) 
At1g30230  5’-TGCCGCAGGTGAATCAAAGG-3’ 5’-CCCAATTACGAGAACAACGCTCTG-3’ 
AtCSTP1 At5g41760  5’-GCGGTTGTGGAGAACATGATACG-3’ 5’-GAACCAAACACAATTCGTTGCTG-3’ 
 
 
6.2.3.4 Data analysis: The Pfaffl method 
   The Pfaffl equation (or 2
-Δ∆CT method) can be used to calculate the relative gene expression that 
considers the relative amplification efficiencies of the target and reference genes, 
  
Ratio = (Etarget)
∆CT, target (calibrator – test)/(Eref)
∆CT, target (calibrator – test)               (Eq. 6.1) 
 
where Etarget and Eref are the amplification efficiencies of the target and reference genes 
respectively. ΔCT, target (calibrator – test) = CT of the target gene in the calibrator minus the CT 
of the target in the test sample, and ∆CT, ref (calibrator – test) is the CT of the reference gene in 
the calibrator minus the CT of the reference gene in the test sample. 
 
6.2.4 Phenotypic analysis of  the Atcstp1-gk mutant 
   Root length assay – Wild-type and Atcstp1-gk mutant seed were surface sterilised as described 
in Chapter 2 and plated onto MS agar media (1% agar, x1 MS, 1% sucrose) in 120 mm petri 
dishes. Plates were stored at 4°C in the dark for 48 hours to break dormancy and synchronise A CMP‐Kdo transporter mutant 
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germination before moving into a plant growth cabinet (day 0) under conditions described in 
Chapter 2. Each day from day 3 onward, the position of each root tip was recorded using a 
marker pen, data was collected using a digital camera and ImageJ software. 
   Cell  elongation  assay - In order to study cell elongation in the Atcstp1-gk mutant root 
individual root cells of 5-day-old seedlings were measured using a light microscope. Cell lengths 
were determined in fully elongated cells beyond the elongation zone for wild-type and Atcstp1-gk. 
Seedlings were grown in 3 separate biological replicates and 5 cell lengths measured from each 
of 7 to 10 separate roots to give a up to 150 cells for each genotype.  
   Hypocotyl length assay – Seedling were sterilised and plated as above however, after 24 h in 
the light plates were double-wrapped in aluminium foil to encourage hypocotyl elongation 
(etiolation). Seedlings were grown in 3 separate biological replicates and hypocotyl lengths of 50 
seedlings of each genotype measured for each replicate. 
   Lateral  root  assay - Seedling were sterilised and plated as above and lateral root density 
recorded for 14-day-old seedlings. For all phenotypic analysis seedlings were photographed using 
a Nikon D50 digital camera and measurements made in Image J software. 
6.3 RESULTS 
6.3.1 Atcstp1-gk : A putative CMP-Kdo transporter homozygous T-DNA insertion line 
   The Atcstp1-gk T-DNA insertion line obtained from the GABI-Kat collection targets a putative 
Arabidopsis CSTLP gene. T3 seed sets from a T2 family segregating for the T-DNA insertion 
were genotyped and plants homozygous for the insert identified. This result contradicts a 
previous report that homozygous T-DNA insertion mutants targeting AtCSTP1 cannot be 
obtained (Takashima et al., 2009). The GABI-Kat annotations from sequencing TAIL-PCR 
fragments map the Atcstp1-gk T-DNA insertion site to the first intron. However, these results are 
not precise and the actual insert site can be up to 200 bp upstream of the original annotation, 
raising the possibility that Atcstp1-gk is not a null mutant. Having detected a suspiciously large 
PCR product during genotyping using primers GK-LB and AtCSTP1-Reverse, the insert site of 
Atcstp1-gk was further investigated by sequencing the PCR product spanning the T-DNA left 
border. The sequencing results show the T-DNA insert site is 147 bp upstream of the GABI-Kat 
annotation in the promoter region of AtCSTP1, 54 bp upstream of the ATG site (Fig. 6.3).  Chapter 6 
 
94 
 
 
Figure 6.3 Genotyping of Atcstp1-gk  T-DNA lines. (A) Identification of an Atcstp1-gk 
homozygous line showing agarose gel electrophoresis of PCR products amplified from either a 
homozygous Atcstp1-gk (Hom.) or heterozygous +/Atcstp1-gk (Het.) seedling using primer pairs 
AtCSTP1-Forward & AtCSTP1-Reverse or GK-LB & AtCSTP1-Reverse.  (B) Schematic 
representation of the expected size of amplified products from the Atcstp1-gk  genotyping 
reactions. The product of the GK-LB & AtCSTP1-Reverse reaction is approximately 150 bp 
larger than expected. 
A B
AtCSTP1
AtCSTP1-For.
AtCSTP1-Rev.
GK-LB
 A CMP‐Kdo transporter mutant 
95 
 
 
 
Figure 6.4 Mapping the Atcstp1-gk  T-DNA insertion site. (A) Map of AtCSTP1 showing 
introns as a straight line, exons as filled boxes and untranslated regions as unfilled boxes. The 
originally annotated and corrected Atcstp1-gk  T-DNA  positions are shown as dashed and 
undashed triangles, respectively. The actual insert site is 147 bp upstream of the original 
annotation. (B) Nucleotide sequence of a PCR fragment from Atcstp1-gk spanning the T-DNA 
left border showing >350 bp of good quality sequence data. (C) sequencing chromatogram of 
Atcstp1-gk showing the boundary between the T-DNA left border and the AtCSTP1 promoter 
region, illustrating that the T-DNA insertion is 54 bp upstream of the ATG site (dashed 
underline). T-DNA sequences are bracketed and the AtCSTP1 start codon is underlined.  
 
 
6.3.2 Expression analysis of Atcstp1-gk 
   Sequencing analysis of Atcstp1-gk mapped the T-DNA to the promoter region of AtCSTP1. T-
DNA insertion into the promoter region can cause misexpression (either increased, reduced or no 
transcript) of the downstream gene. To establish how this promoter-localised insert affected 
transcript levels AtCSTP1 expression in the Atcstp1-gk mutant was first studied using a semi-
quantitative RT-PCR method which clearly demonstrated that Atcstp1-gk is not a null mutant. 
Furthermore, a perceived faster accumulation of target (AtCSTP1)  amplification product in 
Atcstp1-gk (test sample) relative to wild-type (calibrator) suggests that AtCSTP1 transcript levels 
may be increased in Atcstp1-gk (Fig. 6.4). To investigate further, real-time PCR (qPCR) was used 
to quantitatively assess AtCSTP1 transcript levels in Atcstp1-gk mutant seedlings. The normalised 
10 20 30 40 50 60 70
NNNNNNNNNN NTCNNNNNAC NTACATGATC CNGAACTAGA TTTGGCGACA ATAACACCAA CGATAACTCA 
80 90 100 110 120 130 140
ATTTCTAGAT CTATAAAGTC GCCGAAATTC TAAGAGTTCA GGAAATGTCG AAACATAGAG GAAACGAATC 
150 160 170 180 190 200 210
TCGATTCAAT CATAATTAGC AAGAGAAGTA CAGAAAGGAA TTGGAGAATT AGGGTTGGAA ATTGGAACCT 
220 230 240 250 260 270 280
GAGAGCTGGT AAGAATGGTG AGAAGTACTG CGACAAAGTA CCACGGAGTA GCCGCCATTA ATGTTCTCTT   
290 300 310 320 330 340 350
TCTTCTTCGT CTCTTCGTCA CTTCACAGGA GCTCTCTCAT TTGTAAATGG CTTCATGTCC GGGAAATCTA 
360 370 380 390
CATGGATCAG CAATGAGTAT GATGGTCAAT ATAGNN
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expression ratio of AtCSTP1 to several reference genes demonstrate that AtCSTP1 expression is 
between 1.6 and 2-fold higher in Atcstp1-gk seedlings than wild-type. 
 
Figure 6.5 Expression analysis of Atcstp1-gk by semi-quantitative RT-PCR. Using cDNA 
generated from wild-type (Col-0) (calibrator) or Atcstp1-gk  (test) seedlings and primers for 
GAPC2 (reference) or AtCSTP1 (test), PCR reactions were performed over 22, 24, 26 and 28 
cycles. As the target primers are able to amplify a product with test cDNA as template, it is 
immediately apparent that the Atcstp1-gk line is not a null mutant and is possibly over-expressing 
AtCSTP1. 
 
 
 
Figure 6.6 The Atcstp1-gk  T-DNA mutant is an over-expression line. Mean normalized 
expression ratio of three technical replicates. Results are expressed as mean expression ratios 
between wild-type and Atcstp1-gk. To determine the relative expression of the target gene 
(AtCSTP1) in the test sample (Atcstp1-gk)  and calibrator (wild-type, Col-0) sample, using 
reference genes (UBQ10, ACT, TUBb or EF-1) as the normalizer. 
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6.3.3 Phenotypic analysis of Atcstp1-gk 
      To investigate the possibility that the overexpression of AtCSTP1  has an effect on root 
development, wild-type and Atcstp1-gk seedlings were grown hydroponically to observe root and 
hypocotyl development. Although not statistically significant (t-test P value of 0.081) the primary 
root of Atcstp1-gk seedlings tended to be marginally longer than wild-type seedlings of the same 
age (Fig. 6.6 A). Similarly, Atcstp1-gk root epidermal cells tended to be longer than their wild-
type counterparts but the difference was not statistically significant (t-test P value of 0.39) (Fig. 
6.6 B). This was also the case for hypocotyl lengths of etiolated seedlings (t-test P value of 0.49) 
(Fig. 6.6 C). However, lateral root density was found to be significantly lower in Atcstp1-gk 
seedlings compared to wild-type (t-test P value of 0.02) (Fig. 6.6 D). 
 
 
Figure 6.7 Phenotypic analysis of Atcstp1-gk mutant seedlings. (A) Average primary root 
length of 10-day-old seedlings, t-test P of 0.087 (B) Average epidermal cell length of 7-day-old 
seedlings. (C) Average hypocotyl length of dark grown seedlings (D) Average number of lateral 
roots per mm of root length, t-test P of 0.021. Values are means of three biological repeats ± SE 
of measurement from 20 to 30 seedlings (A,C and D) or 7 to 10 roots (B). An asterisk indicates a 
statistically significant difference. 
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6.4 DISCUSSION 
6.4.1 Atcstp-gk is not a null mutant 
   The identification of a plant homozygous for a T-DNA insertion in a putative Arabidopsis 
CSTLP gene, that is a putative CMP-Kdo transporter, was surprising because null mutants of 
Kdo biosynthesis genes are generally lethal at the gametophytic generation (Delmas et al., 2008; 
Kobayashi et al., 2011) and it has been reported that homozygous T-DNA insertion mutants 
targeting AtCSTP1 cannot be obtained (Takashima et al., 2009). Already dubious of this putative 
T-DNA insertion for these reasons, inspection of the PCR product amplified during genotyping 
using primers GK-LB and AtCSTP1-Reverse increased suspicion that the T-DNA insert was not 
as annotated and likely upstream of the start codon. Initial RT-PCR on the line homozygous for 
the insert indicated the presence of AtCSTP1 transcript and molecular characterization of the 
insert indicated that the insert site is in fact in the promoter region,  54 bp upstream of the ATG 
site. 
 
6.4.2 T-DNA lines and T-DNAs in the promoter 
   Transfer-DNA (T-DNA) insertion is a highly effective mutagen for genome-wide mutagenesis 
and has been widely used to produce insertion mutants in Arabidopsis for functional 
characterization of the genome (Alonso and Ecker, 2006; Alonso et al., 2003; Feldmann, 1991; 
Feldmann et al., 1991; Rosso et al., 2003). Because T-DNAs tend to insert as concatemers, most 
T-DNA insertions between the start and stop codons result in loss-of-function alleles (Wang, 
2008).  When the T-DNA insertion is located in the promoter region, transcript levels are most 
often decreased, although a knock-downs is more likely than a knockout. In a study of 17 mutants 
with T-DNA inserted in the promoter region, 7 showed no (knockout rate 41%) and 9 showed 
reduce (knockdown rate 53%) expression.   However, in ~5% of T-DNA insertion lines 1-1000 
bp upstream of the start codon the transcript levels are increased, which is possibly driven by the 
promoter of the antibiotic resistance gene in the T-DNA insert (Wang, 2008). For example, in a 
promoter localised T-DNA line of KIS the 35S-Basta-KIS fusion transcript abundance increased 
(Kirik et al., 2002). Similarly, an insertion 100 bp upstream of the start codon in ARF17 increased 
its transcript 7-12-fold (Sorin et al., 2005). In this case the pROK, which carries a Cauliflower 
mosaic virus (CaM) 35S promoter, was used to generate the T-DNA line (SALK) (Alonso et al., 
2003) and this is likely responsible for the overexpression. Interestingly, this type of fortuitous 
over-expression line can be useful for the study of gene/protein function. For example, in plants 
overexpressing  ARF17 the transcript levels of three genes, GH3-3,  GH3-5 and G3-6 were 
reduced and adventitious root development perturbed suggesting ARF17 could repress GH3 
expression and thus regulate adventitious root initiation (Sorin et al., 2005). 
 A CMP-Kdo transporter mutant 
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6.4.3 Atcstp1-gk may have a number of subtle phenotypes  
   Thus, the Atcstp1-gk overexpression line may provide some insight into the regulation of RG-II 
nucleotide sugar synthesis and potentially RG-II structure. For example, it is possible to speculate 
that if the transport of CMP-Kdo into the lumen of the Golgi was the rate limiting factor for the 
synthesis and/or attachment of RG-II side chain C, overexpression of this transporter could result 
in  an  altered  cell  wall  matrix  polysaccharide  composition. Therefore,  some  initial studies  of 
Atcstp1-gk growth and development were performed. Although not statistically significant, the 
Atcstp1-gk primary root and hypocotyl tend to be longer than the wild-type control and there is a 
suggestion that this is due to increased cell elongation.    
   Wall expansion varies considerably within a cell and between cell types producing a huge 
variety of cell shapes and sizes which ultimately generates the different plant tissues and organs. 
Understanding of the cellular and molecular control of wall growth is limited but is presumed to 
be complex and may involve localized secretion of structural materials and alterations to cross 
linking, turnover and slippage of wall materials. Considered at a very basic level, a plant cell 
maintains its shape by maintaining wall pressure higher or equal to osmotic pressure. In growing 
cells, wall loosening reduces wall pressure below osmotic pressure inducing water absorption. 
Therefore, if increased cell elongation in Atcstp1-gk was identified, this could be explained by 
decreased mechanical property of the cell wall resulting in greater cell elongation. Although the 
available data does not identify a statistically significant difference in cell length, this warrants 
further investigation.  
   In  a  ‘multi-coat’  cell  wall  model  in  which  xyloglucan  coated  cellulose  microfibrils  are 
embedded in layers of successively less tightly bound hemicellulose, with pectins filling the 
interstices between the cellulose and hemicellulose, pectins may be determinants of cell wall 
loosening and act as a determinant of cell expansion (Cosgrove, 2000a). If the Atcstp1-gk mutant 
has an altered expression of a Kdo transporter it is possible that RG-II side chain C biosynthesis 
is affected and that this is responsible for the phenotypes identified in the mutant. Furthermore it 
has  been  suggested  that  RG-II  side  chains  are  altered  in  various  tissues  and  stages  of 
development. 
   The cell wall structure is highly complex and there are many biochemical mechanisms that 
could potentially be involved in cell wall loosening and expansion (Cosgrove, 1997b; Cosgrove, 
2000a). Mutants affected in the cell wall pectin RG-II structure have been shown to severely 
effect plant growth and development. It is possible that the cell wall has been weakened or 
loosened enough to generate the subtle phenotypes seen in Atcstp1-gk but not enough to produce 
a strong severe phenotype. Chapter 6 
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6.4.4 Future work 
6.4.4.1 Additional putative Kdo NSTs T-DNA mutants 
   Future work could include analysis of T-DNA lines of two additional putative Kdo NSTs in 
Arabidopsis and, where possible, generating the double and triple mutant combinations. The gene 
At4g35335 is a homologue of At5g41760. Although highly conserved, CMP-sialic acid transport 
activity has not been demonstrated for the homologue At4g35335, however, this does not rule out 
the possibility that At4g35335 acts as a CMP-Kdo transporter in planta. The gene At5g03770 has 
also been suggested as a putative CMP-Kdo transporter.  
 
6.4.4.2 Combination of Atcstp1-gk with other mutants 
   The Atcstp1-gk T-DNA mutant shows a number of subtle phenotypes consistent with cell wall 
loosening. Pectins may be determinants of cell wall loosening and T-DNA mutant with another 
mutant line also affected in cell wall structure may enhance the severity of these phenotypes. The 
Arabidopsis procuste mutant carries a mutation in the CesA6 gene which encodes a cellulose 
synthase, in the procuste mutant cellulose synthesis is reduced and growth by cell elongation is 
severely inhibited (Desnos et al., 1996; Fagard et al., 2000; MacKinnon et al., 2006). The cell 
walls of the procuste mutant have been show to contain 20-30% less cellulose than wild type 
resulting in bulging of root epidermal cells and reduction in primary root elongation (MacKinnon 
et al., 2006). Radial sections of resin embedded procuste roots show that this bulging occurs 
predominantly in the trichoblast cells (hair-cells) suggesting the phenotype may be associated 
with root hair initiation and/or out growth (Singh et al., 2008). Furthermore, the root hair defect 
of the root hairless mutant rhd6 is partially rescued in the prc1 (Singh et al., 2008) and root 
epidermal bulger (red1) mutant backgrounds (Andeme-Onzighi et al., 2002; Baskin et al., 1992). 
It would be interesting to test if this is also true for the prc1/rhd6/kdot-1 mutant. Crosses between 
kdot-1, prc1 and prc1/rhd6 to generate the double and triple homozygous lines would allow 
further phenotypic analysis. 
 
6.4.4.3 Generation of bona fide AtCSTP overexpression lines 
   Following the hypothesis that the transport of CMP-Kdo into the lumen of the Golgi is a the 
rate-limiting factor in RG-II biosynthesis, it would be interesting to test the effect of over-
expression of AtCSTP as well as other putative CMP-Kdo transporter proteins using bona fide 
over-expression lines in which the cDNAs of putative transporters are under the control of the 
CaM 35S or similar constitutive promoter. 
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7.	An	RNAi	approach	to	knockdown	an	Arabidopsis	RG‐II	
xylosyltransferases	gene	family		
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7.1 INTRODUCTION 
7.1.1 Structure of primary cell wall pectins 
      As described in detail in Chapter 1, plant cell walls are composed predominantly of 
polysaccharides with a cellulose and hemicellulose network embedded in a matrix of pectin. 
Pectins are structurally complex polysaccharides rich in D-galacturonic acid (GalA) residues. 
Primary wall pectin is comprised of homogalacturonan (HGA), rhamnogalacturonan I (RG-I) and 
rhamnogalacturonan II (RG-II). HGA is a homopolymer of α-1,4-linked GalA residues. 
Substituted galacturonans such as xylogalacturonan (XGA), with xylose attached to the backbone 
of HGA have been identified in some plants (Ridley et al., 2001). RG-I accounts for 20-35% of 
pectin and consists of the repeating disaccharide (-α-D-GalA-1,2-α-L-Rha-1,4-). RG-I has many 
different side chains showing variability in number and type with the Rha residues further 
substituted with linear and branched polysaccharides. RG-II is the least abundant of the pectins 
(contributing ~5%) and consists of a galacturonan backbone of (1-4)-α-D-GalA residues 
substituted by four structurally different oligosaccharide side chains, a fifth side chain can be 
present in some species (Bar-Peled et al., 2012). 
 
7.1.2 Glycosyltransferases are required for cell wall polysaccharide biosynthesis 
   The nucleotide sugars required for pectin biosynthesis are made in the cytoplasm and must be 
transported to the Golgi apparatus where pectin is synthesized (Geshi et al., 2004; Goubet and 
Mohnen, 1999; Staehelin and Moore, 1995; Sterling et al., 2006; Willats et al., 2001). Golgi 
localised glycosytransferases (GTs) then catalyse the transfer of a monosaccharide to a glycosyl 
acceptor forming the pectin polysaccharides (Fig. 7.1) (Breton et al., 2001). Unsurprisingly, 
biosynthesis of the cell wall polysaccharides requires a large number of proteins, for example, the Chapter 7 
 
102 
 
pectic polysaccharide RG-II alone contains 13 different glycosyl residues and is estimated to 
require at least 22 glycosyltransferases for its assembly (O'Neill et al., 2004).  
 
 
 
Figure 7.1 Matrix polysaccharides are synthesized within the Golgi apparatus. Depending 
on the topology of the catalytic sites, nucleotide sugars can be taken from the cytosol (A) or the 
inside of the cisternae (B, C). Type-II GTs, which consist of a transmembrane stem and a 
catalytic domain, play a major role in decorating polysaccharides with side-chains (C). Adapted 
from Scheible and Pauly (2004). 
 
 
7.1.3 Glycosyltransferases: General properties 
   Glycosyltransferases (GTs) are a large family of enzymes that catalyse the transfer of a sugar 
moiety from activated sugars to a specific substrate which may be a lipid, protein or growing 
oligosaccharide (Breton et al., 2001). In eukaryotes, GTs are typically endoplasmic reticulum or 
Golgi apparatus resident type II transmembrane proteins consisting of an N-terminal 
transmembrane domain (TMD), followed by a stem region extending into the Golgi lumen and C 
terminal catalytic domain (Fig. 7.1, C) (Breton et al., 2001). In plants GTs are responsible for the 
assembly of linear and branched polysaccharides that make up the cell wall (Keegstra and 
Raikhel, 2001). The CAZy database (www.cazy.org/GlycosylTransferases) is a continuously 
updated classification of putative GTs organised into families based on amino acid sequence and 
predicted topological protein-fold (Campbell et al., 1997; Coutinho et al., 2003; Sinnott, 1990). 
In Arabidopsis alone, CAZy currently lists 462 putative GTs organised into 42 separate families. 
However the biochemical function has been demonstrated for relatively few of these putative 
GTs and mutant analysis made on even fewer. 
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7.1.4 Cellulose and hemicellulose GTs 
   Recently, much progress has been made in understanding cellulose synthesis in plants and 
many of the genes involved identified (Scheible and Pauly, 2004). Likewise, numerous advances 
have been made in the understanding of xyloglucan synthesis (Scheible and Pauly, 2004). 
Xyloglucan is a major hemicellulosic polysaccharide of the primary cell wall which is thought to 
cross-link cellulose microfibrils forming the major load bearing networks (Chapter 1) (Hayashi, 
1989; Pauly et al., 1999). Many plants synthesize xyloglucans containing a fucosylated 
trisaccharide side chain. An example of a xyloglucan GT, the xyloglucan fucosyltransferase 
encoded by the AtFUT1 gene in Arabidopsis is responsible for the fucosylation of the xyloglucan 
side chain (Faik et al., 2000; Perrin et al., 1999; Perrin et al., 2003; Sarria et al., 2001). Although 
the Atfut1 mutant displays no visible phenotype under laboratory conditions it has been shown 
that the Atfut1 mutant contains 50 to 75% less fucose than wild-type (Perrin et al., 2003). Fucose 
content in Atfut1 is unaffected in the fucose containing pectin components RG-I and RG-II but 
completely absent in isolated xyloglucan, showing that the reduction in fucose content is due to a 
null mutation in the xyloglucan specific fucosyltransferase AtFUT1 (Perrin et al., 2003). Also, 
heterologous expression of the Arabidopsis AtXT1 gene, encoding a xylosyltransferase, has been 
used to demonstrate transfer of a xylosyl-residue to a cello-oligosaccharide chain suggesting a 
role in xyloglucan biosynthesis (Faik et al., 2002). 
 
7.1.5 Pectin glycosyltransferases 
      Several GTs involved in pectin synthesis have been identified and include a 
galacturonosyltransferase (QUA1), an arabinosyltransferase (ARAD1),  a xylogalacturonan 
xylosyltransferase (XGD1), a glucuronosyltransferase (GUT1) and a gene-family of four 
rhamnogalacturonan xylosyltransferases (RGXT1, RGXT2, RGXT3 and MGP4) (Egelund et al., 
2008; Egelund et al., 2006; Scheller et al., 2007). The Arabidopsis mutant quasimodo1 (qua1) 
has a dwarfed phenotype and reduced cell adhesion (Bouton et al., 2002). QUA1 encodes a 
glycosyltransferase involved in pectin biosynthesis with mutant cells wall galacturonic acid 
levels reduced by ~25% (Bouton et al., 2002; Mouille et al., 2007). Furthermore, α-1-1-D-
galacturonosyltransferase and β-1-4-D-xylan synthase activity is reduced in the qua-1 mutant 
suggesting a role for QUA1 in pectin and hemicellulose synthesis (Orfila et al., 2005). 
ARABINAN DEFICIENT 1 (ARAD1) encodes a putative arabinosyltransferase involved in the 
biosynthesis of pectin. ARAD1 belongs to CAZy family 47 with many other cell wall 
biosynthesis genes including two xyloglucan galactosyltransferases (Li et al., 2004; Madson et 
al., 2003) and the RG-II glucuronosyltransferase NpGUT1 (Iwai et al., 2002). ARAD1 is 
predicted to have a type II membrane structure typical of Golgi localised glycosytransferases 
(Breton et al., 2001). T-DNA insertion mutants of ARAD1 do not display a clear visual phenotype Chapter 7 
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but show reduced cell wall arabinose content, suggesting ARAD1 encodes an α-1,5-
arabinosyltransferase (Harholt et al., 2006). 
      Xylogalacturonan (XGA) is a component of pectin in the plant cell wall. 
XYLOGALACTURONAN DEFICIENT 1 (XGD1) encodes a Golgi-localized type II structure 
membrane protein typical of glycosyltransferases and the xgd1 T-DNA insertion mutant, 
although showing no visible difference in growth compared to wild type, has been shown to have 
~15 to 30% decreased cell wall xylose (Jensen et al., 2008). XGD1 xylosyltransferase activity 
has been demonstrated by heterologous expression of XGD1  in  Nicotiana benthamiana with 
XGD1 transferring xylose onto endogenous XGA (Jensen et al., 2008) suggesting XGD1 encodes 
a XGA xylosyltransferase involved in pectin biosynthesis in Arabidopsis. 
 
7.1.6 Plant sialyltransferse-like proteins may function as CMP-Kdo transferases 
   In planta, the RG-II component of pectin exists predominantly as borate diester dimer linked 
via the apiosyl residues of the A side chains (Ishii and Matsunaga, 1996; Kobayashi et al., 1996; 
Matoh et al., 1996). The haploid Nicotiana plumbaginifolia nolac H18 mutant callus line has an 
altered RG-II composition and as a result is impaired in RG-II dimer formation resulting in an 
inability to form tight intercellular attachments (Iwai et al., 2002). The gene disrupted in nolac 
H18 is GUT1, a member of the CAZy family GT47 which encodes a putative glycosyltransferase. 
The T-DNA insertion in NpGUT1 causes defects in the glucuronic acid of pectin RG-II and 
greatly reduces the formation of borate cross-linked RG-II (Iwai et al., 2002). NpGUT1 
expression has been shown to be important for the normal development of plant reproductive 
tissues by dexamethasone-induced knockdown of the NpGUT1 in flower buds and germinating 
pollen resulting in sterile flowers and inhibited pollen tube elongation (Iwai et al., 2006). 
However, it should be noted that an alternative function has been proposed for the Arabidopsis 
homologues of NpGUT1 (see Chapter 6) (Wu et al., 2009). 
      Despite the evidence suggesting a lack of sialic acid pathways in plants (as discussed in 
Chapter 6), several plant sialytransferse orthalogues have been identified including three in 
Arabidopsis (Daskalova et al., 2009; Takashima et al., 2006). All three putative Arabidopsis 
sialyltransferse fail to show sialyltransferase activity (Daskalova et al., 2009) suggesting these 
proteins perform a different function, raising the possibility that these proteins function as CMP-
Kdo transferases. 
   The MALE GAMETOPHYTE DEFECTIVE 2 gene encodes a sialyltransferase-like protein and 
has been shown to be required for normal pollen germination and pollen tube growth (Deng et al., 
2010).  The mgp2-1 mutant contains an enhancer-trap Ds insertion and was identified by a 
distorted segregation of the kanamycin-resistance marker. Progeny from self-pollinated mgp2-1 
heterozygous (mgp2-1/+) plants segregate with a ratio close to 1:1, kanamycin-
resistant:kanamycin sensitive. This was also the case when female mgp2-1/+ plants were used as Xylosyltransferases RNAi 
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females to cross to wild-type plants, however in the reciprocal cross using pollen from mgp2-1/+ 
plants 100% of the progeny were kanamycin sensitive. This result demonstrates a complete loss 
of male gametophytic function in the mgp2-1 mutant and as a result no homozygous mutant 
plants have been identified. Detailed phenotypic analysis has shown that mpg2-1 is specifically 
inhibited in pollen germination and pollen tube growth consistent with a function in Kdo 
synthesis (Delmas et al., 2008; Deng et al., 2010; Takashima et al., 2009). 
 
7.1.7 Rhamnogalacturonan specific xylosyltransferases (RGXTs) 
   The  Rhamnogalacturonan  specific  xylosyltransferases  RGXT1 (At4g01770, NP_192086.1), 
RGXT2 (At4g01750, NP_192084.1), RGXT3 (At1g56550, NP_176048.1) and putatively MALE 
GAMETOPHYTE DEFECTIVE 4  (At4g01220, NP_849279.1) are proposed to participate in the 
synthesis of the (1,3)-a-D-linked Xyl-L-Fuc structure of side chain A of RG-II. The Arabidopsis 
RGXT gene-family belongs to the Carbohydrate Active enZyme (CAZy) database GT-family-77 
with RGXT2, RGXT3 and MGP4 sharing between 80% and 90% protein sequences identities 
with RGXT1. Xylosyltransferase activity has been demonstrated for RGXT1, RGXT2 and 
RGXT3, with RGXT1 and RGXT2 when heterologously expressed in baculovirus-transfected 
insect cells (RGXT1 and RGXT2), or in the yeast Pichia pastoris (RGXT3) (Egelund et al., 
2008; Egelund et al., 2006). This demonstration of xylosyltransferase activity strongly suggests 
that the RGXT gene-family is involved in the biosynthesis of RG-II transferring D-xylose to the L-
fucose of side chain A. The RGXT amino acid sequences contain single N-terminus 
transmembrane domains (TMD) indicative of a type II membrane structure while RGXT1- and 
RGXT2-GFP fusion proteins expressed in Arabidopsis co-localise with a Golgi marker, further 
supporting evidence for a role in RG-II biosynthesis (Egelund et al., 2006). Individually, null 
mutants of any of the Arabidopsis RGXT genes lack any meaningful phenotype, which can be 
explained by functional redundancy. Indeed, rgxt1 and rgxt2 single mutants have been shown to 
contain only 1-2% of variant RG-II. Generating the double, triple and quadruple rgxt mutants is 
complicated by the fact that RGXT1 and RGXT2 exist as tandem repeats. In order to bring 
together these mutant alleles and generate the rgxt1/rgxt2 double mutant a cross-over event is 
required between these genes during meiosis, however, this is very unlikely due to the close 
proximity of the genes. Chapter 7 
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Figure 7.2 Amino acid alignment of Arabidopsis rhamnogalacturonan specific 
xylosyltransferases (RGXTs). Protein sequences of Arabidopsis thaliana RGXT1 (At4g01770, 
NP_192086.1), RXGT2 (At4g01750, NP_192084.1), RGXT3 (At1g56550, NP_176048.1), MGP4 
(At4g01220, NP_849279.1), aligned using ClustalW and shaded for identity. 
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7.1.8 An RNAi approach is required for silencing the RGXT gene family 
      RNA interference (RNAi) is the introduction of double stranded RNA based on the target 
sequence resulting in the degradation of the corresponding mRNA and reduced gene expression, 
and is discussed in detail in Chapter 4. An RNAi approach targeting a conserved sequence of the 
RGXT gene-family could be an effective strategy for knocking down xylosyltransferases activity, 
and would overcome the problems associated with the linkage of RGXT1 and RGXT2 to produce 
mutants affected in RG-II biosynthesis (Egelund et al., 2006). 
7.2 METHODS 
7.2.1 Generating RGXT hpRNAi lines in Arabidopsis 
   The RGXT1 and RGXT2 genes are present in Arabidopsis as tandem repeats. Therefore it is 
difficult to obtain a double knockout and examine the effect of disrupting these functionally 
redundant gene pair. Thus an RNAi approach is preferred. A highly conserved 298 bp region of 
the RGXT gene-family was selected as a target for RNAi knockdown (Fig. 7.3). The RGXT1 
fragment shares 84-97% identities with RGXT2, RGXT3 and MGP4 (Fig. 7.3). Primers iRGXT 
forward, attB1-TGAGCTCACCATTCTTGC-3’ and iRGXT  reverse,  attB2-GGATCTTGCAACCAAACC-3’ 
targeting the RGXT1/2 sequences were used to amplify the attB1-attB2 fragments from cDNA by 
PCR. The Gateway system was used to generate the expression clone containing tandem inverse 
repeats of the RGXT  sequence in pK7WGIWG2i (via pDONR201), before subsequent 
transformation into Agrobacterium. Wild type (Col-0) Arabidopsis plants were transformed by 
the floral dip method as described in Chapter 2 and seed screened for positive transformants on 
MS media with 35 µg/ml kanamycin. Further details of the RNA extraction, cDNA synthesis, 
PCR, cloning and transformation protocols can be found in Chapter 2. Chapter 7 
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Figure 7.3 Nucleic acid alignment of Arabidopsis rhamnogalacturonan specific 
xylosyltransferases (RGXTs) cDNAs.  cDNA sequences of Arabidopsis thaliana RGXT1 
(At4g01770),  RXGT2  (At4g01750),  RGXT3  (At1g56550),  MGP4  (At4g01220), aligned using 
ClustalW and shaded for identity. Refer to Table 7.1 for percentage identities of the pairwise 
alignments. 
 
7.3 RESULTS 
7.3.1 Identification of a highly conserved motif 
   Using multiple sequence alignment of the RG-II xylosyltransferases (RGXT1, RGXT2, RGXT3 
and MGP4) DNA and cDNA it was possible to identify a highly conserved region suitable for 
RNAi-mediated knock-down of the entire RGXT gene family (Fig. 7.3). Pairwise alignment of 
the targeted cDNA region shows sequence homology levels of 84 to 97% suggesting that the 
introduction of double stranded mRNA complementary to this region (of any RGXT gene) should 
be sufficient for knockdown of the entire gene-family (Table 7.1). 
Table 7.1 Pairwise alignment of a highly conserved region of RGXT cDNA.  
  RGXT2 RGXT1 MGP4 RGXT3 
RGXT2   97%  87%  85% 
RGXT1     88%  84% 
MGP4     84% 
RGXT3       
 
RGXT2
RGXT1
MGP4
RGXT3
RGXT2
RGXT1
MGP4
RGXT3
RGXT2
RGXT1
MGP4
RGXT3
RGXT2
RGXT1
MGP4
RGXT3
RGXT2
RGXT1
MGP4
RGXT3
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7.3.2 Generation of RGXT hpRNAi constructs 
   An  amplification  product  was  generated  from  Arabidopsis  thaliana  (Col-0)  cDNA  using 
primers iRGXT forward and reverse, targeting a region highly conserved across the RGXT gene 
family. Because of the high degree of homology, an amplification product generated by these 
primers would be expected to consist of a mixture of RGXT1 and RGXT2 amplification products. 
Indeed, sequencing analysis of the pDONR201 candidate entry clones identified both RGXT1 and 
RGXT2  forms  (data  not  shown).  A  single  bacterial  colony  carrying  the  RGXT1  sequence  in 
pDONR201  was  isolated  so  that  all  subsequent  cloning  steps  contained  only  the  RGXT1 
sequence.  This  entry  clone  was  used  for  further  sub-cloning  into  the  expression  vector 
pK7WGIWG2i to generate an expression clone containing an inverted tandem repeat suitable for 
expression in plants and RNAi knock-down of the entire RGXT gene family. 
 
7.3.3 Failure to identify iRGXT transformants in Arabidopsis 
   The  iRGXT  expression  clone  was  co-transformed  into  Agrobacterium  with  helper  plasmid 
pSoup and Arabidopsis (Col-0) transformed by the floral-dip method as described in Chapter 2. 
However,  plants  showing  resistance  to  the  T-DNA  selectable  marker  (kanamycin)  were  not 
identified (Fig. 7.4). 
 
Figure 7.4 Kanamycin resistant lines carrying a hpRNAi construct for the knock-down of 
the RGXT gene family could not be generated by Agrobacterium-mediated transformation 
of Arabidopsis. Arabidopsis seedlings germinated and grown on solid medium with 50 µg/ml 
Kanamycin. (A) Col-0, (B) RGXT hpRNAi T1 seed, (C) Kanamycin positive control. Scale bar, 1 
cm.  
A B C
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7.4 DISCUSSION 
7.4.1 Consistent failure to transform using pK7GWIWG2i 
      A failure to transform the RXGT  hpRNAi construct into Arabidopsis is reminiscent of the 
hpRNAi constructs designed against the Kdo biosynthesis genes described in Chapter 4. One 
possibility is that RNAi knock down of these genes has a severe impact on development and thus 
making if difficult or impossible to identify kanamycin resistant seedlings in the T1 generation. 
However, this is unlikely as RNAi constructs such as these are expected to generate a range of 
lines with different knock-down efficiencies defined by the genomic location of the T-DNA 
insert. As both these approaches used the pK7GWIWG2i vector, a more likely explanation is that 
there has been a problem with either the pK7GWIWG2i vector or its helper plasmid pSoup (See 
Chapter 2). This is supported by the success transforming Arabidopsis with T-DNAs derived 
from the 962-UAS and pGWB3 destination vectors (as described in Chapter 2). 
      Before further attempts are made to transform any of the pK7GWIWG2i based vectors 
described here and in Chapter 4, both the pK7GWIWG2i and pSoup vectors should be sequenced 
in full to check for important errors that may be responsible for the failure to identify transformed 
Arabidopsis lines. 
 
7.4.2 Pollen specific rescue of MGP4 
   During the course of attempts to generate RGXT RNAi knock-down lines it was reported that 
the homozygous Arabidopsis mutant male gametophyte defective 4 (mgp4) could be generated by 
pollen-specific rescue (Liu et al., 2011). By introducing full-length MGP4 cDNA under the 
control of a pollen-specific promoter into heterozygous mgp4 plants, homozygous pollen-rescued 
mgp4 (PRmgp) plants could be selected. PRmgp is severely impaired in root growth and primary 
root lengths of 7-day-old PRmgp seedlings grow to only 5% the length of wild-type seedlings and 
root cells are swollen and disordered. Furthermore, recombinantly expressed MGP4 using Pichia 
pastoris as host and a ‘sugar free assay’ was used to demonstrate that MGP4 has 
xylosyltransferase activity and specifically transfers D-Xyl onto L-Fuc. Analyses of RG-II 
structure from PRmgp seedlings show a 30% reduction in MeXyl, as well as a 17% reduction in 
MeFuc and Api, two RG-II specific sugars found on side chain A. In the cell wall RG-II exists 
predominantly as a borate cross-linked dimer via the Api residues of side chain A and the PRmgp 
mutant has a reduction in the percentage of dimerized RG-II. The phenotypes of several RG-II 
affected mutants with reduced dimerization efficiencies can be rescued by exogenous application 
of boric acid and this is also true for PRmgp (Liu et al., 2011). Xylosyltransferases RNAi 
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   Taken together these results demonstrate that loss of MGP4 xylosyltransferase activity leads to 
a reduction in RG-II MeXyl, MeFuc and Api and that the phenotypic consequences are 
reminiscent of other RG-II affected mutants such as mur1 and bor1. 
 
7.4.3 Future work 
   Given the difficulties encountered in generating the RGXT RNAi knock-down lines and in light 
of the characterization of the pollen-rescued mgp4 mutant, further efforts to introduce the RGXT 
hpRNAi construct into Arabidopsis  were postponed until the problem associated with 
transforming pK7GWIWG2i derived T-DNAs can be elucidated. However, generation of RGXT 
hpRNAi lines remains a desirable goal and could provide novel insight into the function of the 
RGXTs. Indeed, MGP4, the gene target by pollen specific rescue (describe above) has recently 
been shown to be differentially expressed relative to the other RGXTs. Analysis of a MGP4 
promoter GUS fusion mutant in Arabidopsis identified an expression pattern largely restricted to 
trichomes, cotyledons, leaf hydathodes and root branching regions (Fangel et al., 2011). 
Interestingly, by analysis of publically available expression array databases, it was also shown 
that  MGP4  is induced by isoxaben treatment (Fangel et al., 2011). Isoxaben is a cellulose 
synthase inhibitor and plants adapted to grown on isoxaben have been shown to compensate for 
the absence of load bearing cellulose by synthesising cell walls made predominantly of pectin 
(Encina et al., 2002; Shedletzky et al., 1990) . 
      Given the complications associated with a family of four structurally related proteins with 
overlapping expression patterns and functional redundancy, it would be interesting to study 
RGXT gene function in a more homologous system. Using the RNAi construct described here or 
a similar derivative to knock-down RGXT expression in plant protoplasts could provide clearer 
insight into the function of the RGXTs in cell wall biosynthesis. 
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8. In silico and in vitro analysis of 2β-deoxy-Kdo Inhibition 
of Arabidopsis CMP-Kdo Synthase  
 
xxxxxxxxxxxxxxxxxxxxx 
 
 
 
 
 
 
8.1 INTRODUCTION 
   The  lipopolysaccharide  (LPS)  makes  up  the  outer  leaflet  of  the  outer  membrane  of 
Gram-negative  bacteria  and  is  essential  for  membrane  integrity  (Belunis  et  al.,  1995; 
Nikaido,  2003;  Raetz,  1990;  Raetz  and  Whitfield,  2002).  The  LPS  has  a  tripartite 
structure  that  typically  consists  of  a  lipid  A  moiety  anchoring  the  LPS  to  the  bacterial 
membrane,  a  core  oligosaccharide  domain  and  outermost  O  antigen  (Fig.  8.1).  Kdo2-
lipid  A  is  formed  via  substitution  of  lipid  A  by  a  rare  eight  carbon  acidic  sugar,  2-keto-
3-deoxymanno-octulosonic  acid  (Kdo)  previously  thought  to  be  found  only  in  Gram-
negative  bacteria  (Raetz  and  Whitfield,  2002).  Prior  to  incorporation  into  the  LPS,  Kdo 
is  activated  via  conjugation  to  CMP  to  form  CMP-Kdo,  a  reaction  catalysed  by  CMP-
Kdo  synthetase  (KdsB)  (Goldman  et  al.,  1986;  Goldman  and  Kohlbrenner,  1985;  Ray  et 
al.,  1981).  The  Kdo2-lipid  A  is  essential  for  the  viability  of  Gram-negative  bacteria 
(Cipolla  et  al.),  thus  presenting  the  possibility  of  targeting  either  the  synthesis  of  CMP-
Kdo  or  incorporation  of  Kdo  into  the  LPS  for  the  development  of  antibacterial  agents 
(Cipolla  et  al.,  2011;  Cipolla  et  al.,  2009;  Claesson  et  al.,  1987;  Goldman  et  al.,  1987). 
As  a  result,  several  potent  in  vitro  inhibitors  of  KdsB  have  been  developed  based  upon 
the  substrate  analogue  2β-deoxy-Kdo  (Fig.  8.2),  although  they  lack  in  vivo  activity  due 
to  an  inability  to  cross  the  bacterial  cell  membrane  (Goldman  et  al.,  1987;  Hammond  et 
al.,  1987).  As  part  of  an  effort  to  design  more  potent  antibacterial  agents  targeting  Kdo 
synthesis,  the  structure  based  mechanism  of  KdsB  activity  and  the  mode  of  inhibition 
by  2β-deoxy-Kdo  has  been  characterized  in  bacteria  (Heyes  et  al.,  2009;  Jelakovic  and 
Schulz, 2001; Jelakovic and Schulz, 2002). Chapter 8 
 
114 
 
 
Figure  8.1  Structure  of  the  E.  coli  K-12  lipopolysaccharide  and  cell  wall 
rhamnogalacturonan  II  of  Arabidopsis.  LPS  and  RG-II  Kdo  residues  are  shown  in  red 
text.  In  the  plant  cell  wall  RG-II  exists  as  a  boron  cross-linked  dimer  via  the  apiosyl 
residues  of  side  chain  A  (asterisk).  The  common  abbreviations  are  used  from  sugar 
residues.  EtN,  ethanolamine;  P,  phosphate.  Adapted  from  Ruiz  et.  al.  (2009)  and  Caffall 
& Mohen (2009). 
 
   In  eukaryotes,  Kdo  has  only  been  found  in  the  plant  cell  wall  as  a  component  of  the 
pectic  polysaccharide  rhamnogalacturonan  (RG-II)  (York  et  al.,  1985).  With  few 
mutants  identified  that  are  affected  in  RG-II  synthesis,  the  function  of  RG-II  remains 
largely  enigmatic  (O'Neill  et  al.,  2004;  Perez  et  al.,  2003)  but  its  complexity  indicates 
that  it  is  likely  to  have  complex  roles  beyond  performing  a  structural  function  via  boron 
mediated crosslinking (for a more detailed discussion of RG-II structure see Chapter 1). 
Side  chain  C  of  RG-II  consists  of  a  disaccharide  comprised  of  Kdo  and  Rha  residues 
linked  to  the  O-3  of  the  GalA  backbone  via  the  Kdo  residue  (O'Neill  et  al.,  2004).  The 
fact  that  in  plants,  Kdo  has  only  been  found  as  a  component  of  RG-II,  together  with  the 
apparent  homology  between  the  CMP-Kdo  synthesis  pathways  in  plants  and  bacteria 
provides  a  potential  means  to  specifically  alter  RG-II  structure  in  order  to  study  its 
function. 
 2β‐deoxy‐Kdo inhibits AtKdsB in vitro 
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      Activation of Kdo to CMP-Kdo is required before incorporation onto side chain C of 
RG-II, a reaction catalyzed by a homolog of the bacterial KdsB (also referred to as 
CKS in plants) (Kobayashi et al., 2011; Misaki et al., 2009; Royo et al., 2000b). In 
Arabidopsis, knockouts of the KdsB or KdsA  genes, which are required for Kdo 
synthesis, result in an inhibition of pollen tube elongation (Delmas et al., 2008; 
Kobayashi et al., 2011), limiting a gene knockout approach as a means to study the 
developmental role of RG-II in the sporophyte generation (see Chapter 1). Thus an 
inhibitor based approach may be a viable way to disrupt Kdo synthesis at specific 
developmental stages and alter RG-II structure in plants. 
 
 
Figure 8.2 Chemical structure of Kdo and 2β-deoxy-Kdo.  
 
      In this chapter the Arabidopsis KdsB enzyme activity has been characterized and 
shown to be inhibited in vitro by 2β-deoxy-Kdo. Results indicate that KdsB inhibitors 
such as 2β-deoxy-Kdo could provide a way to alter RG-II structure in plants and 
thereby facilitate studies into the developmental function of RG-II. 
8.2 SPECIFIC METHODS 
8.2.1 Sequence alignment 
   Nine KdsB homologs of the bacterial KdsB from 7 different plant species were identified using 
the NCBI BLAST search (Altschul et al., 1990). Amino acid alignment was performed in 
clustalX2 (Larkin et al., 2007) and presented using GeneDoc (Nicholas et al., 1997). The 
Gonnet250 protein weight matrix was used to report amino acid similarity (Gonnet et al., 1992). 
 
8.2.2 Homology modelling 
   Advances in technology are continuing to advance the number of proteins for which the 3D-
structures have been determined. However, this remains a difficult and often unpredictable 
research path (Lattman and Loll, 2008). When possible, it is therefore useful to use in silico 
approaches to create theoretical models of protein structures which can then be used to study 
structure/function relationships and to direct further experimental work. Homology modelling is 
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one such approach based on the observation that protein tertiary structure is better conserved than 
amino acid sequence. As a consequence, proteins of significant sequence homology are expected 
to have a significant similarity of structure. 
   Homology  modelling  therefore  takes  advantage of an experimentally-determined protein 
structure (known as the template) to generate models of other homologous (>30% identity) 
proteins (the target). Based on sequence alignment and the 3D-structure of the template, 
geometrical criteria can be generated that are used to generate a 3D structural model of the 
targeted protein. The quality of these models can then be assessed according to statistical 
potentials or physics-based energy calculations. 
      The structure of the Arabidopsis KdsB protein was predicted by automated homology 
modelling (alignment mode) using the SWISS-MODEL Workspace (Schwede et al., 2006) from 
amino acid sequence NP_175708.2 and using the alignment presented (Fig. 8.3). The 
crystallographically-determined structure of ligand-bound bacterial KdsB (PDB code: 3K8D, 
chain A) (Heyes et al., 2009) was used as template. Model quality was assessed using the 
PROCHECK program (Laskowski et al., 1993) and images of the structures were generated using 
the UCSF Chimera visualization system (Pettersen et al., 2004). 
8.2.3 Expression and purification of the AtKdsB protein 
   A truncated version of the Arabidopsis AtKdsB gene, lacking nucleic acids 1-126 encoding the 
putative N-terminal signal peptide, was cloned into the pDEST17 expression vector (Promega) 
using the Gateway system (Invitrogen) to generate N-terminal 6×His tagged ΔAtKdsB. 
Specifically, the AtKdsB coding region from nucleotide +127 was amplified from cDNA by PCR 
using primers attB1-AGCCGGGTCGTCGGAATCATTCC and attB2-GGACATGTTTCTTTCGCGC. 
The resulting fragment was cloned into pDEST17 via the donor vector pDONR207 in order to 
produce the truncated 270 aa ΔAtKdsB including the N-terminal 6×His tag 
MSYYHHHHHHLESTSLYKKAGF under the control of the T7 promoter (for a more detailed 
description of the cloning strategy see Chapter 2). 
Complete sequence of the recombinant ΔAtKdsB protein with HIS tag:        
 10         20         30         40         50         60  
MSYYHHHHHH LESTSLYKKA GFSRVVGIIP ARYASSRFEG KPLVQILGKP MIQRTWERSK  
 
        70         80         90        100        110        120  
LATTLDHIVV ATDDERIAEC CRGFGADVIM TSESCRNGTE RCNEALEKLE KKYDVVVNIQ  
 
       130        140        150        160        170        180  
GDEPLIEPEI IDGVVKALQV TPDAVFSTAV TSLKPEDGLD PNRVKCVVDN RGYAIYFSRG  
 
       190        200        210        220        230        240  
LIPYNKSGKV NPDFPYMLHL GIQSFDSKFL KVYSELQPTP LQQEEDLEQL KVLENGYKMK  
 
       250        260        270  
VIKVDHEAHG VDTPDDVEKI ESLMRERNMS  
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      The recombinant protein was produced by expression in E.coli BL21(DE3)pLYSs cells 
(Promega) using 0.5 mM isopropyl-ß-D-thiogalactopyranoside (IPTG) (Bioline) at 30°C for 5 
hours. BL21(DE3)pLysS is lysogenic for the phage construct λ-DE3, that expresses T7 RNA 
polymerase under the control of the lac UV5 promoter.  BL21(DE3)pLysS also contains a 
plasmid, pLysS, which carries the gene encoding T7 lysozyme, an inhibitor of T7 RNA 
polymerase, thus reducing the background expression level of target genes under the control of 
the T7 promoter (Studier, 1991). This is particularly useful when high expression levels of the 
target gene can be toxic for the bacterial host, which had been reported for a plant KdsB 
(Kobayashi et al., 2011). The inducing agent, IPTG, is a substituted galactoside, which cannot be 
hydrolysed by the enzyme ß-Galactosidase. Therefore, it induces the E. coli lac operon activity 
by binding and inhibiting the lac repressor without being degraded. In this way genes controlled 
by the lac promoter can be expressed to high levels in the presence of IPTG. 
   A Ni-NTA column (Qiagen) was used under native conditions to purify the expressed 6×His 
tagged ΔAtKdsB following the manufacturer’s instructions. Briefly, E. coli cells were pelleted 
and stored at -20°C overnight. The bacteria pellet was thawed on ice for 15 minutes, resuspended 
in lysis buffer (HEPES 50 mM, NaCl 300 mM, imidazole 10 mM) supplemented with lysozyme 
(1 mg/ml) and benzoase nuclease (25 U/ml) and incubated on ice for 30 minutes with occasional 
gentle swirling. Total lysate was centrifuged at 16,000 rpm at 4°C degrees for 45 minutes and the 
supernatant (soluble fraction) retained. The recombinant protein was first purified using a Fast 
Start Column containing a nickel-nitrilotriacetic acid (Ni-NTA) metal-affinity chromatography 
matrix. Protein was bound to the resin by passing the soluble fraction through the column before 
unspecific bound protein was removed by washing the column twice with 4 ml of wash buffer 
(HEPES 50 mM, NaCL 300 mM, imidazole 20 mM). The recombinant protein was then eluted in 
two 1 ml fractions of elution buffer (HEPES 50 mM, NaCl 300 mM, imidazole 250 mM). 
   By this approach the recombinant ΔAtKdsB was purified to >90% purity, as quantified in 
ImageJ after sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and 
Coomassie Blue staining (Fig. 8.6). Low molecular weight contaminants were removed from the 
elution and the enzyme concentrated by dialysis using a Slide-A-Lyzer dialysis cassette (10K-
MWCO) and concentrator solution (Thermo Scientific). Protein concentrations were determined 
using the BCA protein assay (Thermo Scientific) using bovine serum albumin as a standard. 
Typical protein yields were ~10 mg per 1-liter culture. 
 
8.2.4 Western blotting analysis of recombinant ΔAtKdsB 
      To be sure that the ~31 kDa band that appears on SDS-PAGE gels of lysed bacteria 
preparations after IPTG induction is indeed ΔAtKdsB, Western blotting analysis was carried out 
using a primary antibody directed against the 6×His tag. Western blotting combines the resolving 
power of SDS-PAGE with a highly sensitive antibody binding assay to detect a specific protein Chapter 8 
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structural motif or sequence in a total protein preparation. Proteins are first separated by SDS-
PAGE before transfer to a membrane (typically nitrocellulose or polyvinylidene fluoride 
(PVDF)) by electrophoresis thus creating a ‘blot’ of the SDS-PAGE gel. To avoid non-specific 
binding to the membrane an inert protein such as Bovine serum albumin (BSA) or non-fat dry 
milk are used to ‘block’ the membrane. Incubation with a primary antibody specific to the 
protein-of-interest, followed by washing and binding of a secondary antibody that carries a 
reporter element is used to visualise the target protein. 
   To  test  ΔAtKdsB expression in BL21(DE3)pLysS cells 250 ml of LB media culture was 
inoculated with 1% saturated bacterial culture, grown to OD600 of 0.6-0.8 and  ΔAtKdsB 
expression induced with 0.5 mм IPTG. Aliquots (0.5 ml) were taken immediately before 
induction and each hour thereafter for four hours. Cells were pelleted by centrifugation at 4°C 
and 3,300 g for 15 minutes, the supernatant discarded and pellets stored at -80°C. 
   Proteins were separated according to their electrophoretic mobility (a function of the length of a 
polypeptide chain and its charge) by denaturing SDS-PAGE. Cells lysates were resuspended in 
20 µl  NuPage
® LDS Sample Buffer (4X), 10 mм DTT and vortexed. Samples were heated at 
95°C for 5 min. Proteins were separated by electrophoresis (~1.5 h at 100 V) on pre-cast 4-12% 
NuPage
® Bis-Tris polyacrylamide gels (Invitrogen) in NuPage
® MOPS-SDS running buffer 
(Invitrogen) using the NuPage
® Xcell Surelock
® Mini-cell electrophoresis module (Invitrogen).  
After separation, proteins were transferred from the SDS-gel to a methanol activated 
Polyvinylidene Fluoride (PVDF) membrane (Immobilon-FL, 0.45 µm; Millipore) by electro-
elution (300 mA overnight (with cooling), using a mini tank wet transfer system (Hoefer), in 
buffer containing 25 mM Tris, 150 mM glycine, 20% methanol, 0.01% SDS. Membranes were 
blocked with 5% (w/v) non-fat dry milk in Tris-Buffered Saline (TBS) + 0.05% Tween20 (TBS-
T) for 1 h at room temperature with constant agitation. Membranes were washed with TBS-T and 
probed with primary antibodies overnight at 4°C in 5% BSA, 0.05% sodium azide in TBS-T. 
      Protein bands were visualised by fluorescence based immunodetection. Following primary 
antibody labelling (Penta-His Antibody, Qiagen), washed blots were incubated in secondary 
antibody conjugated to IRDye™ 800CW (Rockland inc. Molecular probes) near-infrared (IR) 
fluorochrome (diluted 1:10000 in 5% BSA in TBS-T) for 1 h at room temperature in the dark. 
Following further washing steps over 30 min at room temperature, western blots were scanned 
using the LI-COR Odyssey IR imaging system (LI-COR Biosciences).  
 
8.2.5 In vitro characterization of enzyme kinetics 
   The reaction catalyzed by KdsB utilizes Kdo and CTP to form CMP-Kdo and pyrophosphate. 
The in vitro activity of ΔAtKdsB was measured by following the formation of pyrophosphate as 
it was released during the reaction using the PiPer pyrophosphate assay kit (Molecular Probes, 
Invitrogen). In these enzyme-coupled assays the pyrophosphate generated by the ΔAtKdsB 2β‐deoxy‐Kdo inhibits AtKdsB in vitro 
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reaction is first split into two molecules of phosphate by inorganic pyrophosphatase, the 
phosphate then enters a reaction cascade to ultimately generate the fluorescent molecule, 
resorufin. The reactions were carried out at 37°C using 10 nм ΔAtKdsB in 100 mм Tris/HCl, pH 
7.5, 5 mм MgCl2, 100 µм CTP, over a range of Kdo concentrations. Fluorescence intensity was 
measured at 590 nm (excitation at 544 nm) using a FLUOstar OPTIMA microplate reader (BMG 
Labtech) every 5 mins for two hours. The rate of reaction was established after an initial lag 
phase corresponding to the period in which intermediate products rise to a steady-state 
concentration. The rate of pyrophosphate production by ΔAtKdsB was calculated by comparison 
with a pyrophosphate standard curve. 
   Inhibition assays were carried out using the Kdo substrate analogue 2β-deoxy-Kdo (provided 
by Dr. D. Heyes, University of Manchester (Heyes et al., 2009)). The rates of pyrophosphate 
production of ΔAtKdsB were measured as above over a range of Kdo concentrations and at 
variable concentrations of 2β-deoxy-Kdo. 
 
8.2.6 Isothermal titration calorimetry (ITC) 
8.2.6.1 The principles of ITC 
   ITC is a quantitative label-free technique that can directly measure the binding affinity (Ka) and 
thermodynamics of the interaction between two or more molecules in solution. The technique is 
based upon the direct measurement of the energy associated with a chemical reaction triggered by 
the mixing of two components with a typical experiment consisting of the stepwise addition of 
one reactant (~10 µL injections, ligand) into a reaction cell containing the other reactant (~1 mL, 
protein).  The chemical reaction resulting from each injection of reactant will either release or 
absorb heat (qi) dependent on the amount of ligand binding in a particular injection (v × ∆Li, 
where v is the volume of the reaction cell and ∆Li is the increase in the concentration of bound 
ligand after the i
th injection) and the characteristic binding enthalpy (ΔH) of the interaction: 
qi  = v × ΔH × ∆Li     (Eq. 8.1) 
   Because ITC instruments operate on the heat compensation principle, the raw data (instrument 
response, measured signal) is reported as the amount of power (microcalories per second, 
µcal/sec) necessary to maintain a constant temperature between reference and samples cells and 
the heat after each injection obtained by calculating the area under each peak. As the availability 
of unbound protein decreases with each injection, the magnitude of peaks progressively decreases 
until saturation is achieved. The pattern of these heat effects as a function of the molar ratio 
(ligand/macromolecule) can then be analyzed to give the thermodynamic parameters of the 
interaction under study. From initial measurements of Ka, enthalpy (ΔH) and binding 
stoichiometry (n) the Gibbs energy changes (ΔG), and entropy changes (ΔS), can be determined 
using the relationship: Chapter 8 
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ΔG° = -RTlnKa = ΔH°-TΔS°    (Eq.  8.2) 
 
(where  R is the gas constant and T is the absolute temperature), thus providing a full 
thermodynamic analysis of the reaction (Leavitt and Freire, 2001; Wiseman et al., 1989). 
ITC experiments were performed at 25°C using a MicroCal VP-ITC (Microcal Inc.). A working 
concentration of 2β-deoxy-Kdo (250 µм) was made from a 250 mм stock by dilution with a 
buffer matching that used in the protein purification (Tris 20 mм, 200 mм NaCl, 5 mм MgCl) 
(See Chapter 10).  Aliquots (8 µl) of 250 µм 2β-deoxy-Kdo were titrated into 1.28 ml of 20 µм 
∆AtKdsB and 20 µм CTP at 180 second intervals with a stirring speed of 350 rpm. A parallel 
experiment was performed by injecting the inhibitor into the buffer only. The heats of dilution 
were negligible and subtracted from their respective titrations prior to data analysis. 
Thermodynamic parameters ΔH (enthalpy change), ΔS  (entropy change), ΔG (free energy 
binding), Ka (association constant) and n (stoichiometry) were obtained by nonlinear least squares 
fitting of experimental data using the single-site binding model of the Origin software (version 
7.0) package and binding dissociation constant was calculated as 1/Ka and expressed in µм. 
 
8.3 RESULTS 
8.3.1 Amino acid alignment and homology modelling 
   Comparison of nucleotide (DNA) or amino-acid (protein) sequences to establish the degree of 
similarity (homology) can reveal whether genes or proteins are derived by evolution from a 
single ancestral sequence. Sequences related in this way are said to be homologous. To establish 
the degree of homology, sequences must first be aligned. In pairwise alignments using the 
MEGA4 program and excluding the plant N-terminal signal peptide the E. coli and Arabidopsis 
KdsB proteins have a percentage identity (that is the percentage of columns in an alignment of 
two sequences that contain identical amino acids) of 34% identity and a percentage  conservation 
(that is the percentage of sequences with significantly similar biochemical properties) of 48%, 
compared with 73% identity and 83% similarity between the Arabidopsis protein and a maize 
homolog, for which CMP-Kdo synthetase activity was previously demonstrated (Royo et al., 
2000b). In a multiple sequence alignment using KdsB homologs from a selection of plant species 
together with the E. coli sequence (Fig. 8.3), it can be seen that the plant species possess an N-
terminal signal peptide that is absent in bacteria. Many of the amino acid residues are conserved 
between the higher plants, while Selaginella moellendorffi and Physcomitrella patens deviate 
further from this consensus. As expected, the E. coli sequence is the most divergent of those 
tested although distinct conserved domains concentrated around key residues of the active site 
(Fig. 8.3, red asterisks) are retained. 2β‐deoxy‐Kdo inhibits AtKdsB in vitro 
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Figure 8.3 Amino acid alignment of plant and bacteria KdsB proteins. Plant KdsB protein 
sequences from Populus trichocarpa (XP_002316900.1 and XP_002329094.1), Arabidopsis 
thaliana  (NP_175708.2),  Oryza sativa Indica (EEC79690.1),  Oryza sativa Japonica 
(NP_001056314.1), Brachypodium distachyon (XP_003567908.1), Zea mays (NP_001105657.1), 
Selaginella moellendorffii (EFJ16341.1),  Physcomitrella patens (XP_001784950.1) and 
Escherichia coli str. K-12 (NP_415438.1) KdsB aligned using ClustalW and shaded for identity. 
Red asterisks indicate key residues of the E. coli active site. 
 
8.3.2 Structural comparison 
      To further assess the structural conservation between the E. coli and Arabidopsis 
KdsB enzymes, the crystallographically-determined E. coli structure (PDB ID: 3K8D) 
was used to generate a predicted model of the Arabidopsis enzyme using the SWISS-
MODEL Workspace and the quality of the model assessed using PROCHECK 
(Laskowski et al., 1993). Using a Ramachandran plot to test how well the phi and psi 
torsion angles of the model’s amino acid backbone comply with steric limits, 89.5% of 
residues were found in the most favoured regions, only one residue is in a generously 
allowed region and no residues are in disallowed regions, indicating that the model is of 
good stereochemical quality (Fig. 8.5). Chapter 8 
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   Crystal  structures  of  the  bacterial  KdsB have shown that the enzyme forms a 
tetrameric complex consisting of two dimers in the asymmetric unit. The individual 
monomers consist of a central 7-stranded β-sheet surrounded by α-helices with the 
active site located in a distinct cleft between the CTP-binding and dimer interface 
domains (Heyes et al., 2009; Jelakovic and Schulz, 2001; Jelakovic and Schulz, 2002). 
Comparison of the E. coli structure with the Arabidopsis  model demonstrates that the 
two enzymes have a highly similar conformation (Fig. 8.4). The structure based 
mechanism of KdsB activity has been studied in detail in bacteria and key residues of 
the active site identified (Heyes et al., 2009). When superimposed, it is clear that the E. 
coli and predicted Arabidopsis active sites assume near identical conformations (Fig. 
8.4). Of the key residues of the active sites, 11 out of 13 are conserved, the exceptions 
being a tyrosine to glutamine substitution (Y185 to Q182) and an arginine residue 
(R164) from the dimerization domain of the opposite monomer which is substituted to a 
lysine (K) in the plant species examined. These substitutions occur between amino 
acids with similar biochemical properties suggesting that they are unlikely to critically 
alter the catalytic mechanism of KdsB in Arabidopsis. It has been shown that the 
bacterial KdsB can exist in both an open and closed state and that ligand binding 
triggers a conformational change that sequesters the active site (Heyes et al., 2009). 
This seems also to be true of the plant homolog since good quality stereochemical 
homology models can be generated using either the open or closed bacterial crystal 
structure as a template (data not shown). Furthermore, in a surface filled model of the 
ligand bound AtKdsB coloured for hydrophobicity, the substrates CTP and 2β-deoxy-
Kdo appear enclosed in the mostly hydrophilic active site (Fig. 8.4, C). 
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Figure 8.4 Comparison of the crystallographically-determined KdsB (gold) and 
predicted AtKdsB (cyan) active sites. The models (A, B)  are shown as ribbon 
structures and include the side chains of key residues of the active site. (B) Substrates 
CTP and 2β-deoxy-Kdo are shown as atom-coloured sticks (green/orange and purple, 
respectively) and the Mg
2+ ion as a grey sphere. (C) Surface filled model of AtKdsB 
coloured for hydrophobicity from purple (most hydrophilic) to tan (most hydrophobic). 
The ligand bound model has a primarily closed conformation and the hither clipping 
plane has been used to reveal the substrates docked at the active site. Substrates CTP 
and 2β-deoxy-Kdo are shown as atom-coloured sticks (green/orange and yellow, 
respectively) and the Mg
2+ ion as a grey sphere. 
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Figure 8.5 Ramachandran plot assessing the quality of the ligand-bound AtKdsB 
model.  The model’s amino acid residues are plotted according to the backbone phi and 
psi torsion angles. Steric conflicts limit these angles which allows each residue to be 
categorised into favoured (A,B,L), allowed (a,b,l,p), generously allowed (~a,~b,~l,~p) 
or disallowed regions. Glycine residues are not restricted to the regions appropriate to 
the other side chain types and are separately identified by triangles. Of the 210 non-
glycine and non-proline residues tested, 89.5% are found in the favoured region 
indicating that the model is of good stereochemical quality. 
 
Plot statistics 
Residues in most favoured regions (A,B,L)  188 89.5% 
Residues in additional allowed regions (a,b,l,p)  21 10.0% 
Residues in generously allowed regions (~a,~b,~l,~p)  1 0.5% 
Residues in disallowed regions  0  0.0% 
-----------------    
Number of non-glycine and non-proline residues  210  100%  
Number of end-residues (excl. Gly and Pro)  2  
Number of glycine residues (shown as triangles)  15  
Number of proline residues  14  
------------------   
Total number of residues  241  
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Figure 8.6 Recombinant protein expression and purification. SDS-PAGE of 
ΔAtKdsB protein expression and purification showing the total lysate from uninduced 
and induced E. coli, as well as the 6×His-tagged protein purification including the total 
soluble protein, Ni-NTA flow-through and washing steps and final eluted protein. 
 
 
Figure 8.7 Western blot analysis of ΔAtKdsB expression in E. coli showing 
accumulation of a 6×His recombinant protein upon induction.  SDS-PAGE of  total 
protein preparations from BL21(DE3)pLysS cells expressing ΔAtKdsB either un-
induced or up to 4 h post-induction with 0.5 mм IPTG followed by western blotting 
using primary antibody Penta-His antibody (Qiagen) and detection with secondary 
antibody conjugated to a near-infrared (IR) fluorochrome  (IRDye™ 800CW, Rockland 
inc. Molecular probes) and LI-COR Odyssey IR imaging system (LI-COR 
Biosciences). A Precision Plus Protein
TM
 Standard (BioRad) was used to estimate the 
size of the recombinant protein. Lower molecular weight bands are likely to represent 
degradation products and/or contaminating signals 
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8.3.3 Kinetic characterization of ΔAtKdsB 
   The  rate  of  CMP-Kdo  synthetase  activity over a range of Kdo concentrations was 
established by following the production of pyrophosphate using an enzyme-coupled 
fluorescent assay.  The dependence of the rate on Kdo concentration displays typical 
Michaelis-Menten kinetics (Fig. 8.9).  Under the conditions used, the Vmax was 
determined to be 14.62 ± 0.58 µм min
-1, with a kcat value of 8.77 ± 0.95 s
-1.  The  Km for 
Kdo was calculated to be 88.59 ± 11.2 µм. These values are comparable to those 
calculated for the bacterial KdsB enzyme which was found to have a kcat of 3.8 s
-1 and 
Km for Kdo of 97.9 ± 31.4 µм (Heyes et al., 2009). A protein extract from 
untransformed BL21(DE3)pLYSs was used to exclude the possibility that 
contaminating native E. coli CMP-Kdo synthetases in the ΔAtKdsB preparation had 
contributed to the observed activity. Protein retained on the Ni-NTA column did not 
show enzymatic activity. A boiled ΔAtKdsB control was also inactive. In addition to 
CTP, previous studies using either plant or bacterial KdsB have shown some activity 
with the alternative nucleotide UTP (Kobayashi et al., 2011; Ray et al., 1981; Royo et 
al., 2000b). However, other reports suggest strict nucleotide specificity for CTP (Misaki 
et al., 2009). Alternative nucleotide donors UTP and ATP were tested with the 
Arabidopsis  ΔAtKdsB showing virtually no activity under the experimental conditions 
used (Fig. 8.9). The substrate specificity of ΔAtKdsB towards the Kdo-related 
monosaccharide sialic acid (N-Acetylneuraminic acid, NeuAc) was also tested, but 
ΔAtKdsB was unable to activate NeuAc using CTP as the nucleotide donor (data not 
shown). 
 
8.3.4 Inhibition of ΔAtKdsB by 2β-deoxy-Kdo 
   Detailed structure-based mechanistic and kinetic inhibition studies of the E. coli KdsB enzyme 
and substrate analogue 2β-deoxy-Kdo have shown that 2β-deoxy-Kdo acts as a potent 
competitive inhibitor of Kdo (Heyes et al., 2009). Given the predicted structural similarity 
between the plant and bacterial KdsB proteins, the ability of 2β-deoxy-Kdo to inhibit the activity 
of the Arabidopsis KdsB enzyme was tested. The rates of pyrophosphate formation by ΔAtKdsB 
were measured over a range of Kdo and 2β-deoxy-Kdo concentrations (Fig. 8.9). The data could 
be fitted to the Michaelis-Menten model for full competitive inhibition with an R
2 value of 0.94 
and Ki of 1.26 ± 0.15 µм. These results confirm that 2β-deoxy-Kdo acts as a potent competitive 
inhibitor of AtKdsB. 2β‐deoxy‐Kdo inhibits AtKdsB in vitro 
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Figure 8.8 Kinetic characterization of ΔAtKdsB and inhibition studies with 2β-deoxy-Kdo. 
(A) The activity of 10 nм ΔAtKdsB was assayed over a range of Kdo concentrations at fixed 2β-
deoxy-Kdo concentrations as follows: 0 µм (●), 1 µм (○), 2 µм (▼), 5 µм (∆), 10 µм (■), 25 µм 
(□), and 50 µм (♦). Data points are averages of three replicates and the curves are non-linear 
regression lines fitted to the data using the Michaelis-Menten equation for competitive inhibition 
(Vmax/(1+(Km/S)×(1+I/Ki). (B) The effect of alternative substrates on the rate of ΔAtKdsB 
catalyzed pyrophosphate formation using either 100 µм CTP (●) or UTP (○) in combination with 
Kdo. Activity similar to that of UTP was found for ATP, as well as for sialic acid with CTP (data 
not shown).  
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8.3.5 Isothermal titration calorimetry (ITC) 
      In addition, isothermal titration calorimetry (ITC) was used to study the interaction 
between the 2β-deoxy-Kdo inhibitor and ΔAtKdsB (Fig. 8.8). In these experiments 
ΔAtKdsB together with CTP are titrated with 2β-deoxy-Kdo and the resulting 
temperature changes used to quantitatively assess the protein ligand interaction.  The 
binding process was exothermic, and the isotherms could be fitted to a single-site 
model, yielding a complex dissociation constant (Kd) of 1.4 µм.  The thermodynamic 
binding parameters were calculated using equations Eq. 8.1 and 8.2 yielding an 
enthalpy change, ΔH of -3.7 ± 0.26 kJ mol
-1 and an entropy change, ΔS, of 14.2 J K
-1
.  
 
 
Figure 8.9 Raw data and binding isotherms for the interaction of 2β-deoxy-Kdo with 
∆AtKdsB. Titrations of ∆AtKdsB and CTP (20 µм of each) with 250 µм 2β-deoxy-Kdo were 
performed in 10 mм Tris/HCl pH7.5, 5 mм MgCl
2, 200 mм NaCl at 25°C and the data fitted to a 
one-site model as described in section 8.2. ΔH, enthalpy change; ΔS, entropy change; K
d, 
complex dissociation constant. 
Kd  1.4 µм
ΔH ‐3.7 ±0 . 2 6  kJ mol‐1
ΔS 14.2 J K‐12β‐deoxy‐Kdo inhibits AtKdsB in vitro 
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8.4 DISCUSSION 
      It is apparent that despite their very different cell walls, the pathways for Kdo 
synthesis and activation by CTP to form CMP-Kdo are highly conserved in plants and 
bacteria. The Arabidopsis and E. coli KdsB proteins have a high degree of sequence 
and structural conservation and possess very similar active site conformations. The 
spacing between the key residues of the active site as well as the order in which they 
occur in the primary sequence is conserved between the E. coli and Arabidopsis KdsB 
enzymes, suggesting that the genes encoding them may have arisen from a common 
ancestor rather than via convergent evolution. Indeed, it has been suggested that the 
plant CMP-Kdo synthetase gene has arisen from Gram-negative bacteria via horizontal 
gene transfer (Royo et al., 2000a). 
      CMP-Kdo synthetase activity has previously been demonstrated for a maize homolog 
(ZmCKS) of the bacterial KdsB with a truncated version of the enzyme shown to 
catalyze the synthesis of CMP-Kdo in vitro (Royo et al., 2000b). ZmCKS has also been 
shown to complement a Salmonella typhimurium thermosensitive mutant of the KdsB 
gene providing further evidence for the conservation of the enzyme activity between 
plants and microorganisms (Royo et al., 2000b). More recently, CMP-Kdo synthetase 
activity has been demonstrated for the Arabidopsis KdsB homolog (Kobayashi et al., 
2011; Misaki et al., 2009) but detailed quantitative characterization of the Arabidopsis 
enzyme kinetics was not reported. Using recombinantly expressed Arabidopsis KdsB it 
has now been shown in this chapter that the in vitro CMP-Kdo synthetase activity is 
similar to that previously reported for the bacterial enzyme (Heyes et al., 2009; Ray et 
al., 1981). 
   The  in vitro promiscuity of the plant CMP-Kdo synthetase proteins for different 
nucleotide donors is unclear. It has been shown that the Maize ZmCKS is able to utilize 
both CTP and UTP (Royo et al., 2000b) whereas there have been conflicting reports 
regarding the ability of the Arabidopsis KdsB enzyme to use UTP to activate Kdo. In 
one study it was found that CTP could be substituted for UTP with ~60% relative 
activity (Kobayashi et al., 2011), however, another study reported no activity when 
UTP was employed as substrate (Misaki et al., 2009). It has been suggested that the 
presence or absence of the N-terminal region which includes a putative signal peptide 
influences the activity of the enzyme towards UTP (Kobayashi et al., 2011). This is 
unlikely to be the case since the recombinant ΔAtKdsB used in this study, which lacks 
the N-terminal signal sequence, cannot utilize UTP as a substrate (Fig. 8.9), although it 
cannot be discounted that the presence of the 6xHis tag at the N-terminus influences the 
catalytic activity. Temperature and pH are further factors that may influence the ability Chapter 8 
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of  KdsBs  to  utilize  UTP,  however,  due  to  the  enzyme-coupled  nature  of  the  assay  used 
in  this  study,  reaction  conditions  were  restricted  to  37°C  and  pH  7.5.  Available 
evidence  suggests  that  CTP  is  the  biologically  active  substrate  for  plant  KdsB  enzymes 
but the possibility that UTP is used under certain conditions cannot be discounted.  
   Having shown that the Arabidopsis and E. coli enzymes are structurally conserved and utilize 
the same substrates and co-factors, it is logical to expect that an inhibitor of the bacterial enzyme 
would have a similar effect on the Arabidopsis KdsB enzyme. Indeed, it was found that the 
activity of Arabidopsis KdsB is inhibited by the substrate analogue 2β-deoxy-Kdo, which has 
previously been shown to be a potent competitive inhibitor of bacterial KdsB (Claesson et al., 
1987; Goldman et al., 1987; Hammond et al., 1987; Heyes et al., 2009). Furthermore, by ITC 
analysis the binding of 2β-deoxy-Kdo to ΔAtKdsB was found to have a complex dissociation 
constant of 1.4 µм, which is very close to the inhibition constant Ki obtained from the enzyme 
kinetic assays, as well as the complex dissociation constant of 1.7 ± 0.53 µм obtained in a similar 
experiment using the bacterial enzyme with 2β-deoxy-Kdo (Heyes et al., 2009). The finding that 
2β-deoxy-Kdo is an in vitro inhibitor of the Arabidopsis KdsB, opens up the possibility to utilize 
it as a tool to study the structure-function relationship of RG-II in plants. However, a major 
limitation  in  using  2β-deoxy-Kdo  as  an  antibacterial  agent  is  its  inability  to  cross  the  cell 
membrane to access the KdsB enzyme in the cytoplasm. Porosity of the higher plant cell wall is 
less  likely  to  be  a  limiting  factor  to the application  of  2β-deoxy-Kdo  to  plant  cells  in vivo.  
However, charges associated with apoplastic pH and wall structural elements (particularly in 
relationship to pectin polymers) could present a problem. Having demonstrated potent in vitro 
inhibition of AtKdsB by 2β-deoxy-Kdo, the next challenge is to develop in vivo approaches to 
deliver inhibitors to the target enzyme which could provide a powerful tool in the efforts to 
establish  the  function  of  RG-II  in  the  cell  wall.  The  following  chapter  presents  a  series  of 
experiments describing in vivo application of 2β-deoxy-Kdo to Arabidopsis. 
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9. Inhibition of CMP-Kdo Synthase as a tool to establish 
the function of RG-II in vivo analysis 
 
xxxxxxxxxxxxxxxxxxxxxxxxxxx 
 
 
 
 
 
 
9.1 INTRODUCTION 
9.1.1 An inhibitor based approach 
      A lack of mutants affecting RG-II structure has been a major obstacle in efforts to fully 
understand the RG-II structure/function relationship. This is in part a result of slow progress in 
the identification of the genes specifically responsible for the synthesis and assembly of this 
complex polysaccharide (Bar-Peled and O'Neill, 2011; Bar-Peled et al., 2012). As discussed in 
Chapter 1, the pathway of Kdo biosynthesis and incorporation into RG-II has been well studied in 
bacteria and a number of plant homologues identified, thus presenting an attractive target for 
disrupting RG-II structure. However, null mutants of Kdo biosynthesis genes are generally 
gametophyte lethal thus limiting the usefulness of gene knockout approaches (Delmas et al., 
2003; Kobayashi et al., 2011; Royo et al., 2000b). This chapter outlines a series of experiments in 
which exogenous application of an inhibitor of the CMP-Kdo synthase enzyme is used to disrupt 
the activation of Kdo to CMP-Kdo, a prerequisite for Kdo incorporation into RG-II. 
 
9.1.2 2β-deoxy-Kdo is a potent in vitro inhibitor of plant KdsB 
      Maize and Arabidopsis homologues of the bacterial KdsB, the enzyme responsible for the 
activation of Kdo to CMP-Kdo prior to incorporation into RG-II, have been shown to have CMP-
Kdo synthetase activity (Kobayashi et al., 2011; Misaki et al., 2009; Royo et al., 2000b). The 
bacterial enzyme (E. coli) KdsB catalyzes a key reaction in the biosynthesis of the bacterial 
lipopolysaccharide (LPS) and has long been recognised as a potential drug target. As a result, a 
number of potent in vitro inhibitors of KdsB have been developed, including the substrate 
analogue 2β-deoxy-Kdo. 2β-deoxy-Kdo is not available commercially and requires bespoke 
chemistry for its synthesis and a limited quantity of inhibitor was obtained from Dr D. Heyes, 
University of Manchester (Heyes et al., 2009).  In the previous chapter, homology modelling 
demonstrated that the plant and E. coli KdsB proteins have a conserved tertiary structure and 
active site conformations (Fig. 8.4). Indeed, using a recombinantly expressed and purified 
AtKdsB and quantitative enzyme kinetic studies, it was shown that the Arabidopsis KdsB protein Chapter 9 
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has in vitro activity remarkably similar to that of the E. coli protein (Fig. 8.9). Furthermore, by 
isothermal titration calorimetry (ITC) and in vitro inhibition assays it was demonstrated that the 
Kdo substrate analogue, 2β-deoxy-Kdo, binds AtKdsB with high affinity and acts as a potent 
competitive inhibitor against Kdo. These results raise the possibility of using KdsB inhibitors, 
such as 2β-deoxy-Kdo, as a means of disrupting the incorporation of Kdo into RG-II. 
 
9.1.3 2β-deoxy-Kdo is not an in vivo inhibitor of bacterial KdsB 
   The Kdo substrate analogue, 2β-deoxy-Kdo was recognised as a potent in vitro inhibitor of E. 
coli KdsB in the 1980s but was shown to be unable to cross the bacterial outer membrane unless 
coupled to a peptide carrier (Claesson et al., 1987; Goldman et al., 1987; Hammond et al., 1987). 
Because of the difficulty of delivering 2β-deoxy-Kdo to the target enzyme, the potential as a 
commercial antibacterial agent was never fulfilled and interest faded. Only recently has there 
been a renewed research effort towards the development of novel Kdo substrate analogues as 
antibacterial agents including the reported x-ray crystal structures of several E. coli KdsBs 
(Heyes et al., 2009; Jelakovic and Schulz, 2001; Jelakovic and Schulz, 2002).  
 
9.1.4 Porosity of the plant cell wall may allow 2β-deoxy-Kdo access to the target enzyme 
      The identification of plant homologues of the bacterial KdsB, which are involved in the 
synthesis of RG-II, raises the possibility of applying 2β-deoxy-Kdo in the study of RG-II 
function in plant cell walls. However, the fact that 2β-deoxy-Kdo was unable cross the bacterial 
outer membrane the same problem could exist in plants. 
   Plant cell wall porosity regulates the apoplastic cellular exchange of macromolecules (proteins, 
enzymes, etc.), small metabolites, water and gas, and is a consequence of free spaces resulting 
from the structure, organization and interactions of cellulose, hemicelluloses, pectins, structural 
proteins and lignin. Studies of plant cell wall porosity using different materials and techniques 
have produced a range of porosity estimates of between 3.5 and 9.2 nm (reviewed in Read and 
Bacic 1996). Indeed, sugars, oligosaccharides and small dye molecules have even been shown to 
penetrate lignified walls (Borrega and Karenlampi, 2011). Therefore, porosity per se should not 
be an issue, although charge issues associated with apoplastic pH and wall structural elements 
(particularly in  relation to pectin polymers) could present a problem.  2β‐deoxy‐Kdo inhibits AtKdsB in vivo 
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9.2 METHODS 
9.2.1 In vivo exogenous inhibitor application 
   Seeds were surface sterilized in 10% commercial bleach, 0.05% Triton X-100, washed 5 times 
in sterile distilled water and placed in 35 mm petri dishes containing 3.5 mL half-strength MS, 
1% sucrose, 0.5 g/L MES pH 5.7 and 1 to 0.1% (v/w) agarose, either un-supplemented or 
containing a range of Kdo, 2β-deoxy-Kdo and boron concentrations or combinations of these 
additives. Seedlings were grown for 7 days in long-day cycles (16 hours light at 23°C, 8 hours 
dark at 16°C) at 60% humidity and 100 µmol s
-1 m
-2 light intensity with gentle agitation and 
imaged using a Nikon D50 digital camera and root lengths quantified using ImageJ. For closer 
inspection of roots tips, seedlings were mounted in water under a cover slip and imaged using a 
Leica M165C dissection microscope. In addition, confocal microscopy was used to obtain 
longitudinal sections of control, inhibitor treated and rescued seedling roots. The cell walls of six-
day-old seedlings were visualized by staining with propidium iodide (2 mins, 10 µg/mL) and 
mounted in water under a cover slip. Images were taken using a Leica TCS SP2 confocal 
microscope at 568 nm excitation, 580-660 nm emission. 
 
9.2.2 In vitro pollen germination  
   Pollen was germinated on solid media as described (Boavida and McCormick, 2007). Briefly, a 
20 × 45 mm rectangle was drawn on a glass microscope slide using a ImmEdge Hydrophobic 
Barrier Pen (VECTOR Laboratories), forming a well which was filled with 500 µl of molten 
germination medium (0.01% boric acid, 5 mм CaCl2, 5 mм KCl, 1 mм MgSO4, 10% sucrose, 5 
mм MES pH 7.5, 1.5% low-melting agarose) to build a flat agarose pad. Using ten freshly 
opened (day 0) whole flowers pollen was brushed into the solidified agarose pad and slides 
immediately placed inside a moisture incubation chamber (Johnson-Brousseau and McCormick, 
2004) to avoid dehydration of the medium. To germinate pollen slides were incubated for 16 
hours at 22°C and examined under a microscope at 10x, 20x and 40x without the use of a cover 
slip. To germinate pollen in liquid media, flowers were collected in germination medium (as 
above but without agarose) and agitated briefly on a vortex mixer before removing the flower 
parts. Pollen was pelleted for 30 sec at 800 g and re-suspended in germination media without 
addition or supplemented with Kdo or 2β-deoxy-Kdo, and placed in a single well of a 96-well 
plate. Given the limited supply of inhibitor available and because pollen could be germinated in 
volumes as low as 50 µl, it was possible to achieve higher concentrations of 2β-deoxy-Kdo (up to 
5 mм) than was possible when working with seedlings. Pollen was germinated in a well at 22°C 
without agitation in a moisture chamber. After germination pollen was placed on microscope 
slides for observation. 
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9.3 RESULTS 
9.3.1 2β-deoxy-Kdo inhibits growth of the root system in Arabidopsis seedlings  
   A major limitation in using 2β-deoxy-Kdo as an antibacterial agent is its inability to cross the 
cell membrane to access the target enzyme in the cytoplasm (Claesson et al., 1987; Goldman et 
al., 1987; Hammond et al., 1987). This was expected to be also true in plants which additionally 
possess a cellulose containing cell wall. Indeed, initial attempts to investigate whether 2β-deoxy-
Kdo affected Arabidopsis growth and development, in which Arabidopsis seedlings were grown 
along the surface of solid agar medium (0.8% w/v) containing 10 µм 2β-deoxy-Kdo did not result 
in any visible growth defects possibly due to the compound not entering the plant cells (Fig. 9.1). 
To investigate further, the concentration of 2β-deoxy-Kdo was increased to 150 µм and the 
seedlings grown so that their roots would penetrate into a semi-solid agar (0.4%) medium. After 
ten days growth seedlings grown on 2β-deoxy-Kdo had a clearly reduced root network compared 
to control, with reduced chlorotic aerial growth (Fig. 9.2). To rule out the possibility that changes 
in pH resulting from the addition of 2β-deoxy-Kdo could be responsible for the reduction in 
growth the experiment was repeated using buffered growth media (0.5 g/L MES). Additionally, 
Kdo added at the same concentrations as 2β-deoxy-Kdo was used as a further control. Kdo 
treated seedling grew the same as those grown without additions indicating that the growth 
effects were specific to the substrate analogue 2β-deoxy-Kdo. Similar results were observed 
when the experiment was repeated using liquid growth media (Fig 9.3). 
 
Figure 9.1 2β-deoxy-Kdo has no significant effect at a concentration of 10 µм and using 
solid agar medium. Root lengths of seven day-old seedlings germinated and grown along the 
surface of solid agar medium (1% w/v) containing either no addition (control) or 10 µм 2β-
deoxy-Kdo. Values are means of three biological repeats ± se of measurement of 30 seedlings 
control
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Figure 9.2 2β-deoxy-Kdo inhibits growth of the root system in Arabidopsis seedlings. Ten 
day-old Arabidopsis seedlings germinated and grown on unbuffered semi-solid agar medium, 
untreated (A&C) or supplemented with 150 µм 2β-deoxy-Kdo (B&D). Scale bar, 5 mm.  
 
9.3.2 Rescue by Kdo 
   It is likely that the growth and development defects associated with the application of 2β-
deoxy-Kdo to Arabidopsis seedlings is a result of specific inhibition of the AtKdsB enzyme and 
altered RG-II structure. However, until RG-II structure in 2β-deoxy-Kdo treated seedlings can be 
determined biochemically, non-specific effects cannot be discounted. The application of CMP-
Kdo would be expected to rescue the growth defects of 2β-deoxy-Kdo treated seedlings and thus 
could be used to test the specificity of the inhibitor. However, this experiment cannot be 
performed due to the unstable nature of the CMP-Kdo compound (t1/2 = 0.57 h) (Belunis et al., 
1995; Lin et al., 1997). Instead, application of the substrate Kdo at concentrations in excess of the 
inhibitor (150:500 µм, 2β-deoxy-Kdo:Kdo) was shown to partially rescue the growth defects 
A
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resulting from 2β-deoxy-Kdo treatment (approximately doubling primary root elongation relative 
to inhibitor alone), suggesting the action of the inhibitor is indeed specific to AtKdsB (Fig. 9.3).   
 
9.3.3 Rescue by boron 
   The fucose biosynthesis mutant mur1, has an altered RG-II composition that results in reduced 
RG-II dimer formation and a dwarfed phenotype. Application of exogenous aqueous borate can 
restore wild-type levels of RG-II borate cross-linking and rescue the growth phenotype (O'Neill 
et al., 2001). It is likely that the growth defects associated with 2β-deoxy-Kdo treatment are the 
result of an altered RG-II structure, specifically a loss of at least side chain C. This raises the 
possibility that an altered RG-II composition resulting in reduced borate cross-linking is 
responsible for the growth defects associated with 2β-deoxy-Kdo treatment, and that 
supplementing 2β-deoxy-Kdo treated seedlings with excess exogenous boron could rescue 
growth. To test this, seedlings were grown in liquid medium in the presence of either no 
additions, 2β-deoxy-Kdo (150 µм), boron (1.5 mм) or 2β-deoxy-Kdo plus boron. Exogenous 
boron was able to rescue 2β-deoxy-Kdo treated seedlings to 49% primary root elongation of un-
treated controls and 67% of boron only treated seedlings. Suggesting that in vivo inhibition of 
AtKdsB indeed alters RG-II structure in a way that reduces boron-mediated cross-linking (Fig. 
9.3). 
 
Figure 9.3 Exogenous boron and Kdo partially rescue 2β-deoxy-Kdo inhibition of root 
elongation.  Seven day-old Arabidopsis  seedlings germinated and grown on buffered liquid 
medium with no additives (Control) or supplemented with either Kdo (150 µм) or 2β-deoxy-Kdo 
(150 µм), boric acid (1.5 mм), or combinations of 2β-deoxy-Kdo (150 µм) with boric acid (1.5 
mм) or 2β-deoxy-Kdo (150 µм) with Kdo (500 µм). Scale bar, 10 mm.  
 
9.3.4 Microscopic observation of the root tip development after 2β-deoxy-Kdo treatment 
   Microscopic observation  of the root tip and elongation zones of 2β-deoxy-Kdo treated and 
Kdo/boron-rescued seedlings reveal that inhibitor application results in a failure in cell elongation 
at the root tip (Fig 9.4, A-C). This results in small, tightly packed root cells and the presence of 
differentiated cells close to the root tip as well as the appearance of densely packed root hairs. A 
longitudinal section obtained by confocal microscopy shows a root tip region in which the 
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propidium iodide stain (normally restricted to the cell wall) has penetrated the cells, indicative of 
cell death (Fig 9.4, F-H). Above the root tip zone, cells are much wider than their untreated 
counterparts and mature vascular tissue can be seen close to the root tip. Application of excessive 
boron (1.5 mм) is able to partially rescue primary root elongation and inspection of the root tip 
reveals that the cell elongation and root tip organisation is restored to something similar to the 
control root (Fig 9.4, D, I). This was also true (although to a lesser extent) when exogenous Kdo 
was added (Fig 9.4, E, J).  
 
Figure  9.4  2β-deoxy-Kdo  inhibits  cell  elongation  in  Arabidopsis  seedlings.  Arabidopsis 
seedlings (Col-0) germinated and grown on buffered liquid medium with no addition (A, F) or 
supplemented with either 150 µм Kdo (B, G), 150 µм 2β-deoxy-Kdo (C, H), 2β-deoxy-Kdo plus 
1.5  mм  boric  acid  (D,  I),  or  2β-deoxy-Kdo  plus  500  µм  Kdo  (E,  J).  (A-E)  Seven  day-old 
Arabidopsis  seedlings  mounted  in  water  under  a  cover  slip  and  imaged  using  a  dissection 
microscope,  Scale bar,  500  µm.  Longitudinal  sections  of    six  day-old  seedlings  obtained  by 
confocal microscopy with the cell walls stained by propidium iodide, scale bar, 100 µm (F-J).  
 
9.3.5 Qualitative evidence for 2β-deoxy-Kdo inhibition of pollen tube elongation 
   Loss of function mutations in Kdo biosynthesis genes in Arabidopsis have been shown to be 
lethal due to a failure in pollen tube elongation (Delmas et al., 2008; Kobayashi et al., 2011). 
Attempts to  generate  a double knockout mutant of the Arabidopsis Kdo-8-P synthase genes, 
KdsA1  and  KdsA2,  fail    due  to  an  inability  of  haploid  AtkdsA1-  AtkdsA2-    pollen  grains  to 
elongate pollen tubes (Delmas et al., 2008). Insertion mutants of the CMP-Kdo synthase (KdsB) 
are similarly impaired in male gametophytic transmission and in vitro germinated AtkdsB- pollen 
tubes have a tendency to be short and fat relative to controls (Kobayashi et al., 2011). Pollen 
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tubes are considered a good model for tip growth process and the cells walls of pollen tubes have 
been shown to be porous with on-going endocytosis at the growing tip, thus enabling the entry of 
metabolites and even larger molecular weight molecules into the cytosol (Derksen et al., 2011). 
Indeed, pollen has been used as a system for large scale chemical biology screens (Robert et al., 
2008) and robust in vitro pollen germination assays developed (Boavida & McCormick, 2007). 
This suggests that in vitro germination and pollen tube elongation could provide a means of 
delivering 2β-deoxy-Kdo to the target enzyme providing a useful single cell system to study the 
effects of KdsB inhibition upon tip growth processes. 
   Since the in vitro germination rates of pollen were very low and highly variable, it was not 
possible to quantitatively assess the effect of 2β-deoxy-Kdo treatment on germination or pollen 
tube elongation. However, when pollen was in vitro germinated in liquid media at very high 
concentrations  of  inhibitor  (5  mм)  examples  of  short,  fat  and  branched  pollen  tubes  with 
characteristic  ruptures  at  callose  plug  disposition  sites  (seldom  found  but  not  absent  in  un-
supplemented  or  Kdo  treated  pollen)  were  observed  (Fig  9.5).  Further  work  is  required  to 
quantitatively establish whether in vitro pollen growth is disrupted by 2β-deoxy-Kdo. If so, this 
would be consistent with a role for Kdo in pollen tube elongation. 
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Figure 9.5 Short, fat and branched pollen tubes provide evidence for 2β-deoxy-Kdo 
inhibition of Arabidopsis  pollen tube elongation. In vitro  germinated  Arabidopsis (Col-0) 
pollen in liquid medium, untreated (A-C) or supplemented with 5 mм 2β-deoxy-Kdo (D-F). For 
ease of observation, the longer untreated pollen tubes have been outlined by dashed lines. Sites of 
pollen tube rupture associated with callose disposition are marked with arrowheads and an 
example of pollen tube branching with an asterisk. Scale bars, 100 nm (A-C) and 50 nm (D-F).  
 
9.4 Discussion  
9.4.1 AtKdsB inhibition likely alters RG-II structure and reduces boron cross-linking 
   The Arabidopsis mutant mur1 was the first mutant with a defect in RG-II structure for which 
the gene had been identified. Encoding a GDP-D-mannose-4,6-dehydratase which functions in 
the de novo synthesis of activated fucose, mur1 plants have reduced fucose and xylose RG-II 
content which reduces RG-II boron cross-linking and results in dwarfed plants with weakened 
cell walls. This is not surprising considering that the RG-II boron cross-linking occurs via the 
apiose residues of side chain A (a fucose containing side chain). This is also true of boron 
transporter mutants bor1 (Noguchi et al., 1997) and nip5 (Takano et al., 2008; Takano et al., 
2002; Wallace et al., 2006), as well tomato RNAi knockdown mutants of the GDP-d-mannose 
3,5-epimerase (GME),  the gene responsible for the production of L-Gal which has a 60% 
reduction in L-Gal content of RG-II side chain A (Gilbert et al., 2009; Voxeur et al., 2011).  What 
is interesting about the findings presented here is that 2β-deoxy-Kdo also appears to reduce RG-II 
boron cross-linking efficiency, raising the question of why alteration of a side chain not directly 
involved in boron cross-linking would have this effect. One explanation is that the complex 
structure of RG-II determines its secondary structure and that this is critical for dimer formation, 
thus driving RG-II structure conservation. Alternatively, almost nothing is known about how RG-
II is assembled, and perhaps alteration or loss of side chain C has consequences for other RG-II 
elements more directly involved in dimer formation, for example if side chains are added 
sequentially, loss of side chain C could hamper or abolish  the synthesis of other side chains.  
The identification of a possible inhibitory effect on pollen tube elongation is also consistent with 
null mutants of Kdo biosynthesis genes. Pollen tube elongation but not germination is perturbed 
in the AtkdsB knock-out mutant (Delmas et al., 2008; Kobayashi et al., 2011). 
 
9.4.2 Specificity of 2β-deoxy-Kdo action in plants 
   The normal growth and development of seedlings treated with Kdo as well as the partial rescue 
of  2β-deoxy-Kdo treated seedlings by the addition of Kdo suggest that the action of the inhibitor 
is specific to the AtKdsB enzyme and presumably results in altered RG-II structure. However, 
other possibilities must be considered. The plant homologues of bacterial Kdo synthesis and 
activating proteins have been discussed in detail in Chapter 1. In addition to these genes, 
Arabidopsis homologues of key enzymes of bacterial lipid A biosynthesis have been recently Chapter 9 
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described, including LpxA, LpxC, LpxD, LpxB, LpxK and KdtA (Li et al., 2011; Wu et al., 
2004). Although a lipid A moiety has not been directly detected in plants, knock-out or knock-
down mutants of Ipx and kdtA genes results in an alteration of the expected monosaccharide or 
disaccharide lipid A precursors, while lpx-gfp  fusion proteins are expressed/targeted to the 
mitochondria (Li et al., 2011). This circumstantial evidence for the existence of a lipid A 
structure in plants raises the possibility that the effects of exogenous 2β-deoxy-Kdo application 
are not specific to RG-II, and may be a result of alteration of this as yet unidentified lipid A 
moiety which putatively contains Kdo. However, this seems unlikely as none of the null mutants 
or RNAi knock-down lines of the Lpx genes have obvious phenotypic differences compared to 
wild-type (Li et al., 2011). In addition, the ability to rescue 2β-deoxy-Kdo with boron application 
is consistent with other RG-II affected mutants (O'Neill et al., 2001; Voxeur et al., 2011). 
 
9.4.3 A role for RG-II in cell wall expansion 
   Available evidence suggests that the role of boron in the cell wall is more important for wall 
expansion than cell division (Dell and Huang, 1997). For example, the walls of suspension-
cultured Chenopodium album cells grown in boron deficient media are unable to form RG-II 
dimers but are able to divide and grow. However, these boron deficient cultured cells have larger 
pore size which results in cell enlargement and wall rupture during transition to the stationary 
phase (Fleischer et al., 1999; Fleischer et al., 1998). 
   The observation that cell division appears unaffected in 2β-deoxy-Kdo treated seedlings but 
that cell elongation is essentially halted after 7 days growth, supports the view that RG-II cross-
linking plays a critical role in cell elongation but is less important for cell division. 
 
9.4.4 Future work 
9.4.4.1 Biochemical characterization of the cell wall of 2β-deoxy treated seedlings 
      Although all available evidence strongly suggest that the application of the 2β-deoxy-Kdo 
results in a specific competitive inhibition of AtKdsB and a subsequent reduction in RG-II boron 
cross-linking, this has yet to be confirmed by biochemical characterisation if the cell wall of 2β-
deoxy-Kdo treated seedlings. A semi-high through put method for the structural characterisation 
of RG-II has been developed based on the coupling of mild acid hydrolysis of RG-II and analysis 
of the resulting fragments by mass spectrometry (Seveno et al., 2009). However, this would still 
require ≥ 1 g of fresh weigh tissue (approximately ~1,000 2β-deoxy-Kdo treat seedlings of 7-
days-old). Given the finite supply of 2β-deoxy-Kdo currently available (2β-deoxy-Kdo is not 
commercially available and requires bespoke chemistry for its synthesis) this analysis is not 
possible until more inhibitor can be sourced or synthesized.  2β-deoxy-Kdo inhibits AtKdsB in vivo 
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9.4.4.2 The application of 2β-deoxy-Kdo in a forward genetic screen 
   The identification of 2β-deoxy-Kdo as an inhibitor of AtKdsB and the resulting inhibition of 
root network growth in 2β-deoxy-Kdo (150 µм) treated seedlings creates an opportunity to apply 
an unbiased forward genetic screen for the identification of novel interacting genes. A screen of a 
mutagenized population could be used to identify plants that display an altered phenotype, such 
as resistance or hypersensitivity to 2β-deoxy-Kdo. Potentially, such mutants could be affected in 
AtKdsB itself, downstream components of a putative Kdo signalling pathway or novel cell wall 
genes otherwise missed by classic screening approaches. Indeed, with no a priori knowledge of 
any Kdo interacting genes (other than those involved in Kdo synthesis) such an unbiased broad 
approach represents the best possibility for identification of novel RG-II/Kdo associated genes. 
   Indeed, such screens combining a chemical approach with classic genetic screening have been 
very successful. As an example, mutants resistant to the broad leaf herbicide isoxaben (isoxaben-
resistance loci 1 and 2, IXR1 and IXR2) have been shown to encode cellulose synthase isoforms 
CESA3  and  CESA6  (Desprez  et  al.,  2002).  Similarly,  the  compound  Sortin1,  which  causes 
defects in vacuole biogenesis and  inhibits root growth in Arabidopsis seedlings, was used to 
screen a EMS-mutagenized population. Root-elongation inhibition was used as a visible marker 
for the identification of hypersensitive mutants and successfully identified six strong Sortin1-
hypersensitive mutants from a primary screen of 112,000 mutagenized seedlings. Subsequent 
reverse  genetic  analysis  of  these  mutants  revealed  novel  links  between  several  metabolic 
pathways (Rosado et al., 2011).  Other such successes include the identification of components of 
the auxin signalling pathway (Armstrong et al., 2004), endomembrane system and gravitropism 
components (Rosado et al., 2011; Surpin et al., 2005), abscisic acid (ABA) receptors (Park et al., 
2009) and endomembrane trafficking (Drakakaki et al., 2011; Hicks and Raikhel, 2010), amongst 
others (Vidaurre and Bonetta, 2012). 
   The simple nature of such a screen using 2β-deoxy-Kdo would require no more than some petri 
plates, a dissecting microscope, a mutagenized population (e.g. ethyl methanesulfonate (EMS) 
mutagenized M2 seeds) and an adequate supply of 2β-deoxy-Kdo. Moreover, the advent of next 
generation sequencing technologies is expected to continue to reduce the time and effort required 
to map the genes resulting from such forward genetic approaches making the identification of 
novel  Kdo/RG-II  interacting  genes  an  achievable  and  relatively  short-term  goal  (Alonso  and 
Ecker, 2006; Page and Grossniklaus, 2002). Taking advantage of the wealth of genetic resources 
available with Arabidopsis classic reverse genetic approaches could then be used to validate and 
characterise these candidate genes thus potentially contributing to important research areas such 
as  cell  wall  nucleotide  sugar  formation,  RG-II  assembly  and  function,  and  monosaccharide 
recycling/signalling (Bar-Peled and O'Neill, 2011; Bar-Peled et al., 2012).  
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10. Towards solving the crystal structure of Arabidopsis 
CMP-Kdo Synthase  
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10.1 INTRODUCTION 
10.1.1 An experimentally determined model of plant KdsB 
   In chapter 8, homology modelling was used to predict the 3D structure of the Arabidopsis 
KdsB enzyme using the experimentally-determined E. coli KdsB structure as a template. The 
results of this in silico analysis suggest that the tertiary structure of the E. coli and Arabidopsis 
KdsB enzymes are almost entirely conserved. This led to the in vitro characterization of the 
Arabidopsis enzyme kinetics and inhibition by the substrate analogue 2β-deoxy-Kdo, and 
ultimately in vivo application of this inhibitor to generate new insights into the structure/function 
relationship of RG-II in the plant cell wall (Chapter 9). These results open new opportunities for 
the application of KdsB inhibitors such as 2β-deoxy-Kdo in efforts to investigate the 
developmental role of RG-II.  
   While the in vitro and in vivo results confirmed the predictions of the homology modelling, this 
type of analysis (although powerful) cannot substitute for experimental data, and the accuracy 
that can be expected from homology modelling is highly dependent on the sequence identity 
between target and templates proteins. While sequence identity >50% generally leads to reliable 
models, with error comparable to that of a structure generated by nuclear magnetic resonance 
(NMR), more significant errors can be expected when the percentage identity is in the range of 
30 to 50%, and once below 30% identity serious errors occur that can lead to a misfolded protein 
model. Even when a template and target protein are largely homologous, important errors can 
occur in regions of the protein that share little sequence identity. With 34% amino acid identity 
between the Arabidopsis and E. coli KdsB proteins, the homology model generated for AtKdsB 
would be expected to contain some errors. 
   To design novel inhibitors of plant KdsBs and answer important questions about the structure 
based mechanism and evolution of plant KdsB proteins, the bona fide experimentally-determined 
structure of AtKdsB would be required. This chapter describes efforts towards solving the x-ray 
crystal structure of AtKdsB including increasing the yield and purity of ∆AtKdsB preparations, 
protein crystallography screens and initial x-ray diffraction attempts. 
 Chapter 10 
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10.1.2 X-ray Crystallography 
10.1.2.1 Crystallography as a sophisticated form of microscopy 
   X-ray crystallography is a powerful form of microscopy that utilises x-rays to visualise atoms 
and molecules. In any form of microscopy, resolution is limited by the wavelength of radiation 
used and only x-rays have wave-lengths short enough to visualise the atomic detail of proteins 
(Table 10.1). In light microscopy, a specimen is irradiated causing incident radiation to be 
diffracted in all directions. This diffracted light is then collected, magnified and focused by a lens 
to create an image. In x-ray crystallography, a specimen (crystalline) is irradiated with x-rays 
(electromagnetic waves with short wavelengths). Because of the high energetic character of x-
rays, it is not possible to use lenses to focus the diffracted radiation and create an image. Instead, 
a detector is used to directly collect scattered radiation and using this diffraction pattern, 
computer calculations can be used to form an image.  From the initial experiment in which an x-
ray diffraction pattern was obtained by x-ray illumination of a copper sulphate crystal, the 
technique has continually evolved and between the 1920s and 1950s became established as a tool 
for finding structures of small molecules and proteins. X-ray crystallography was used to 
decipher the structure of DNA and thousands of protein structures, all of which have been 
deposited in a central archive, the Protein Data Bank (PDB) (www.rcsb.org) (Berman et al., 
2008). Through x-ray crystallography it is hoped that novel drugs can be developed for medicine. 
Advances in technology have made it possible to solve a protein structure in weeks as opposed to 
years (Lattman and Loll, 2008). 
Table 10.1 Different forms of microscopy and associated resolution   
Microscopy Radiation  Wavelength  Detail 
Light microscopy  Visible/UV light  ≥300 nm  Individual cells and sub-cellular 
organelles 
Electron 
microscopy 
Electron beam  ˂10 nm  Cellular architecture and the shapes of 
large protein molecules 
X-ray 
crystallography 
X-rays  ~0.1 nm or 1 Å  Atomic detail 
 
10.1.2.2 Protein preparation 
   The preparation of a protein sample is the first step in protein crystallography. This can be done 
either form source, or by cloning the gene encoding the protein-of-interest into a high expression 
system such as yeast or E. coli. Heterologous protein expression is based on the principle that the 
mechanisms of protein expression and function are largely similar in all organisms, and is often 
favourable (or necessary, particularly when large quantities of protein are required) to isolation 
from source. However, important difference can exist between organisms and the choice of host 
will be dependent on factors such as the degree of post-translational modification (Frommer and 
Ninnemann, 1995). Criteria important for the crystallization of a protein sample include purity, x‐ray crystallography 
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homogeneity, solubility, correct protein folding, absence of aggregation, activity and stability. In 
many cases it may be useful to clone the gene with the addition of affinity tags (e.g. ×6 HIS tag, 
or FLAG tag) to facilitate protein purification. Additionally, expression of  a mutated or truncated 
version of the protein may be desirable, for example proteins containing terminal signal peptides 
are often cloned and expressed as the core protein (minus the signal peptide) to increase 
homogeneity and thus the likelihood of protein crystallization.  
 
10.1.2.3 Crystallization 
   Protein crystals are made of parallelepipeds (shoeboxes or unit cells), which are stacked in 
three dimensions to give a regular array. Unit cells consist of a small number of molecules related 
by symmetry operations, with the smallest unit needed to build a whole crystal known as an 
asymmetric unit. The structural analysis of a protein requires crystals for two reasons; (1) the 
diffraction pattern from a single molecule would be too weak and drowned by noise, (2) a single 
molecule would be destroyed by x-rays before generating a useful diffraction pattern. Crystalline 
preparations reduce specimen damage by dividing the x-ray dose across the whole crystal lattice, 
and greatly increase signal-to-noise ratio in the measured diffraction pattern, thus producing a 
pattern of distinct ‘spots’ onto a detector, known as reflections (Lattman and Loll, 2008).  
Protein crystallization trials generally consist of screening many conditions in order to identify 
conditions in which crystals are formed, known as ‘hits’. These screens typically use a droplet of 
purified protein containing buffer, precipitant and additives which is allowed to equilibrate with a 
larger reservoir of the same  buffer, precipitants and additives (mother liquor) (Fig. 10.1). As 
equilibration occurs, the protein drop loses water vapour to the well until the precipitant 
concentration equals that of the well. If conditions are correct, at some point during this process 
the protein will become supersaturated and be forced out of solution in the form of crystals. 
However, clear drops or the formation of heavy precipitates are the most likely outcomes in 
crystallization trials which have estimated success rates of ˂0.1%. Even when promising 
conditions are identified from large screens they will often require further refinement and 
optimization to generate a single large crystal suitable for crystallography. Therefore, to be able 
to screen a reasonable number of these conditions, ~200 µl of protein at ~10 mg/ml is required. 
So, if the protein preparation is pure and conditions are right (and with some luck) a crystal will 
form in which the atoms are arranged in a highly ordered fashion. 
 
10.1.2.4 X-ray data collection, structure solution, model building and refinement 
   Once a suitable crystal has been generated it must be mounted (typically in a small nylon loop), 
and flash frozen until ready for testing. In a largely automated process, protein crystals can be 
attached to a goniometer head, and positioned for irradiation by a narrow beam of x-rays, these 
rays are then diffracted by the atoms in the crystal and come off in all directions. The diffraction Chapter 10 
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pattern is recorded on a x-ray detector and when successful a protein crystallography diffraction 
pattern is characterized by clean, sharp spots (Fig 10.3 C). These data sets can consist of ~300 
images with >5000 spots each and the patterns on the detector will have no resemblance to the 
object itself.  Therefore complex computer calculations are used to mimic the function of a lens 
in microscopy and generate an image of the protein.  
   Because x-rays are scattered by electrons, the image generated by this analysis is a function of 
electron density and is known as an electron density map. From electron density maps, x, y, z 
coordinates of each atom in the molecule can be obtained by a modelling process analogous to 
solving a 3D jigsaw puzzle using amino acids as pieces; a stick drawing representing the 
underlying molecular structure is superimposed (fitted) to the experimental electron density 
contours, a process known as fitting the map. 
 
10.2 METHODS 
10.2.1 Scaling-up the protein purification  
   Between 100 and 200 µl of ultra-pure protein at a concentration of 5-15 mg/ml is required for 
an attempt at solving the structure of AtKdsB by x-ray crystallography. It was therefore 
necessary to scale-up the Ni-NTA affinity chromatography procedure used previously (described 
in Chapter 8) and also to add an additional size exclusion chromatography step. 
To achieve the required protein yield the E. coli culture expressing ∆AtKdsB 
(BL21(DE3)pLYSs, pDEST17∆AtKdsB) was increased in volume from 250 ml to 2 L (x4 500 
ml cultures in 2 L flasks). Moreover, to minimise the loss of the recombinant protein in inclusion 
bodies the protein expression was induced at 18°C overnight with 0.5 mм IPTG (Bioline) (rather 
than 30°C for 5 hours). After 16 hours, bacteria were collected by centrifugation at 4,000 g and 
4°C, and the cell pellet stored at -20°C overnight.  
   To lyse the cells the bacterial pellet was thawed on ice for 15 minutes, resuspended in lysis 
buffer (HEPES 50 mм, NaCl 300 mм, imidazole 10 mм) supplemented with lysozyme (1 mg/ml) 
(Sigma) and benzoase nuclease (25 U/ml) (Sigma) and incubated on ice for 30 minutes with 
occasional gentle swirling. This was followed by sonication using a Ultrasonic Processor XL 
(Heat Systems) for 5 minutes (cycles of 10 second bursts, 30 seconds rest). 
Total lysate was centrifuged at 16,000 rpm at 4°C for 45 minutes and the supernatant (soluble 
fraction) retained. The recombinant protein was first purified by affinity chromatography using a 
column packed with 10 ml of Ni-NTA resin (Qiagen). After washing the resin with water and 
lysis buffer the protein was bound to the resin by passing the soluble fraction through the column 
three times. Unspecific bound protein was removed by washing the column twice with 40 ml of 
wash buffer (HEPES 50 mм, NaCl 300 mм, imidazole 20 mм). The recombinant protein was then 
eluted in 15 ml of elution buffer (HEPES 50 mм, NaCl 300 mм, imidazole 250 mм). This was x‐ray crystallography 
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concentrated to a volume of ~2.5 ml using Viva spin columns (Sartorius Stedim Biotech) at 4,000 
g. 
   To further purify the protein by size exclusion chromatography the elution was loaded onto a 
Superdex-75 gel filtration column equilibrated in buffer (Tris 20 mм, 200 mм NaCl, 5 mм MgCl) 
at a flow-rate of 1 ml/min and eluted in 2 ml fractions. An aliquot of each fraction was used to 
visualise protein by SDS-gel electrophoresis and Coomassie staining. Those fractions containing 
the recombinant AtKdsB were further concentrated with Viva spin columns to produce ~200 µl 
preparations at 5-15 µg/ml. 
 
10.2.2 Protein crystallography 
   Five  commercial  screens  (JCSGplus, Morpheus, Crystal 1&2, Structure 1&2 and PACT 
premier) at two temperature conditions (4 and 20°C) using three separate protein preparations (7, 
11, 19 mg/ml) were used in an attempt to crystalize AtKdsB protein. Screens were set-up in 
microtiter plates by the sitting drop method (Fig. 10.1) and pipetting performed by a Crystal 
Gryphon automated dispenser (Art Robbins Instruments). In addition, the condition previously 
successful for crystallization of the bacterial ligand-bound KdsB protein (85 mм HEPES, pH 7.5, 
17% (w/v) polyethylene glycol 10000, 6.8% ethylene glycol, 15% (v/v) glycerol as a reservoir 
solution) was tested by the hanging-drop method (Fig. 10.1). In all attempts, a ×5 molar ratio of 
ligand (CTP and 2β-deoxy-Kdo) to protein was used. Crystal ‘hits’ were mounted in a nylon loop 
and flash frozen in liquid nitrogen and x-ray diffraction patterns were collected at the Diamond 
Light Source (Oxfordshire, UK). 
 
Figure 10.1 Common vapour diffusion methods used for protein crystallization. The hanging 
drop (A) and sitting drop (B) methods both use a droplet of purified protein containing buffer, 
precipitant and additives which is allowed to equilibrate with a larger reservoir of the same   
buffer, precipitants and additives, known as the mother liquor. Under the correct conditions, as 
water vaporizes from the protein droplet and transfers to the reservoir, the concentration of 
precipitant in the droplet increases allowing crystallization.  Chapter 10 
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10.3 RESULTS 
10.3.1 Protein purification 
   The  Ni-NTA  Fast  Start  Kit  and  250  ml  of  BL21(DE3)pLYSs  expressing  ∆AtKdsB  was 
adequate  for  the  preparation  of  recombinant  protein  at  concentrations  and  purity  for  use  in 
enzyme  kinetic  and  inhibition  assays  (Chapter  8).  For  protein  crystallography  much  greater 
protein concentrations at higher purity are required and it was therefore necessary to optimise the 
expression and purification protocols. The binding capacity of the Ni-NTA Fast Start columns 
limit  the  volume  of  culture  and  achievable  protein  yield.  Additionally,  the  detection  of 
recombinant protein in bacterial pellet indicated that protein was being lost to inclusion bodies. 
Protein yield was therefore increased by three major changes to the protocol; (1) Using a larger 
volume of bacteria culture, (2) Switching from the Ni-NTA Start Kit to 10 ml of agarose binding 
resin, (3) Inducing recombinant protein expression at 18°C over-night, the less metabolically 
active E. coli are presumably better able to cope with the large amount of recombinant protein 
being  produced,  giving  the  protein  folding  machinery  better  opportunity  to  produce  soluble 
protein. In addition, it was found that the presence of KCl in the purification buffer lead to 
protein aggregation and thus should be avoided. These adaptations increased protein yield from 
~0.5 mg to >2 mg making the crystallography screens and isothermal titration calorimetry (ITC) 
studies (Chapter 8) possible. Furthermore, enzyme kinetics assays demonstrate that the protein 
prepared by this method is active and stable, two important requirements for crystallography.  
 
10.3.1 AtKdsB crystal ‘hits’ 
   Within five days, four crystals were identified in the Morpheus screen in a group of conditions 
consisting of Nitrate Phosphate Sulfate (NPS) as ligand stock and Buffer 3 (Tris base; Bicine pH 
8.5). In these conditions all precipitants tested produced crystals suggesting these may be salt 
crystals rather than protein crystals, indeed, this was a recurring yet unavoidable problem due to 
the presence of magnesium in the protein preparation, which in the presence of phosphate can 
lead to the formation of struvite crystals. 
   Perhaps the most promising condition identified came from the Morpheus screen (WellF5; 
Monosaccharides 0.12 M, Buffer 2 0.1 M, P550Mee_20K 30%). Here the protein appeared to 
over nucleate forming many very small crystals (Fig. 10.2). This condition was chosen for further 
optimization  and  a series  of  slightly  altered  conditions  using  the  hanging-drop  method  were 
trialed. Although some small crystals were generated by this screen, slight differences between 
the buffer systems used in the custom made optimization screen and the commercial screen, 
together with the fact that the protein had been stored frozen, may have had a negative impact on 
crystallization. x‐ray crystallography 
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Figure 10.2 ΔAtKdsB protein crystallization screening. Protein crystallization conditions 
using custom and commercial screens, varied protein concentrations and two temperature 
conditions were regularly screened for crystal formation. Commercial screens at 20°C were 
housed in an automated Crystal Mation system (UV Edition) (Rigaku) and automatically imaged 
by bright field (A, B, D, E) and UV (C, F). As well as protein crystals, salts can also crystalize 
leading to false positives or ‘hits’. UV light luminates protein crystals but not salt, making this a 
useful method to distinguish salt from protein crystals. A-C shows a strong sharp-edged 
crystalline shape without luminance under UV (C). D-F show a less obviously crystalline 
structures but with strong luminance in UV. 
 
   Another promising crystal formed in the PACT premier (well D8) screen and was frozen using 
a wire loop in liquid nitrogen. The crystal was scanned at the Diamond Light Source synchrotron 
(Oxfordshire, UK) but failed to generate ‘protein spots’ in the diffraction pattern (Fig.10.3). 
A
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Figure 10.3 X-ray diffraction patterns generated from ∆AtKdsB crystal did not produce 
protein spots. (A) Putative ∆AtKdsB crystal mounted on a wire loop and flash-cooled in liquid 
nitrogen. Scale bar, 50 µm. (B) Diffraction pattern of candidate crystal. (C) An example X-ray 
diffraction pattern showing clear protein spots, generated from a crystal of the calmodulin protein 
(image provided by Dr Halina Mikolajek, University of Southampton). 
 
10.4 CHAPTER DISCUSSION 
10.4.1 An experimentally determined structure could be used for design of new inhibitors 
   The homology modelling described in Chapter 8 was successful in its prediction of a largely 
conserved protein structure and active site conformation between Arabidopsis and E. coli. The 
substrate analogue 2β-deoxy-Kdo was subsequently shown to act as a potent in vitro inhibitor of 
recombinant AtKdsB and in vivo application of this inhibitor is likely to result in an altered RG-II 
structure with severe consequences for growth and development. These results raise the 
possibility of applying KdsB inhibitors such as 2β-deoxy-Kdo for the analysis of RG-II 
structure/function relationship and the development of novel AtKdsB inhibitors would be 
desirable. Although homology models are becoming increasingly popular in de novo drug design, 
A
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the experimentally-determined protein crystal structure remains the gold standard in structure-
aided design of enzyme inhibitors. 
   Until the RG-II structure of 2β-deoxy-Kdo treated seedlings can be assessed, alternative targets 
for 2β-deoxy-Kdo cannot be discounted. One possibility could be protein kinase like receptor 
proteins which may utilise Kdo as a signalling molecule, thus acting as a type of ‘cell wall 
sensor’. Thus, a set of KdsB inhibitors may reveal further insights into Kdo metabolism and 
structure-aided inhibitor design using an experimentally determined AtKdsB model would 
provide a means to develop such inhibitors. 
 
10.4.2 Unanswered questions for KdsB and CNS structure based mechanisms 
   Although the crystal structures of capsule-specific and lipopolysaccharide-specific isozymes of 
the E. coli KdsBs (both ligand-free and ligand-bound) have been solved (Heyes et al., 2009; 
Jelakovic and Schulz, 2001; Jelakovic and Schulz, 2002) and the enzyme catalytic mechanism 
modelled (Heyes et al., 2009), some important questions remain. For example, in the modelling 
of the catalytic mechanism of the E. coli  KdsB the possibility of a second Mg
2+-binding site has 
been discussed (Heyes et al., 2009). In the initial step of the Sn2-type substitution catalysed by 
KdsB and related sialic acid-activating enzymes (CNS), the deprotonation of the β-anomeric 
hydroxyl group requires a general base in the active site. However, no such protein-derived base 
has been identified in the vicinity of bound product molecules in any of the KdsB and CNS 
crystal structures (Heyes et al., 2009; Jelakovic and Schulz, 2001; Jelakovic and Schulz, 2002; 
Mosimann et al., 2001; Munster-Kuhnel et al., 2004). To account for this it has been proposed 
that KdsB and related enzymes recruit two magnesium ions to the active site, analogous to the 
reaction catalyzed by DNA/RNA polymerases (Schelling et al., 2007). Thus the crystal structure 
of the Arabidopsis KdsB could also provide valuable insight into the mechanism of the important 
KdsB and related CNS enzymes with significance for the structure-aided development of 
antibacterial agents directed against Gram-negative bacteria. 
 
10.4.3 Evolution of plant KdsBs 
   It has been proposed that plant KdsBs have a shared ancestry with their bacterial counterparts 
and are a result of lateral gene transfer from the endosymbiont precursor of mitochondria or 
endoparastic eubacteria (Royo et al., 2000a). An x-ray crystal structure of one or more plant 
KdsB enzymes could provide new perspectives on the evolution of plant KdsB and the 
conservation of function form a microbial ancestor. 
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11. Summary and general discussion 
xxxxxxxxxxxxxxxxxxx 
 
 
 
 
 
 
 
   Chapter 1 introduces the major components and architecture of the plant primary cell wall 
with a particular focus on the pectic polysaccharide, rhamnogalacturonan II (RG-II). In the cell 
wall RG-II exists predominantly as a boron cross-linked dimer linking the apiose residues located 
at the first position on side chain A. Despite its remarkable complexity, RG-II structure is 
conserved across all higher plants suggesting a critical structure-dependent function. Even minor 
alterations to RG-II structure can have severe consequences for normal plant development. 
However, the developmental function of RG-II remains poorly understood. RG-II contains the 
rare and diagnostic sugar Kdo which offers an attractive target for disrupting RG-II structure. The 
pathway for Kdo biosynthesis is discussed in detail including the role of Kdo biosynthesis genes 
Kdo-8-P synthase (KdsA), CMP-Kdo synthase (KdsB) and putative Kdo transferases (KdtA) and 
transporters (AtCSTP1). Due to the lethality of gene knockout approaches, alternative methods 
are required for the analysis of RG-II structure/function relationship, some of which are explored 
in Chapters 3 to 10. 
      To investigate the developmental importance of these Kdo biosynthesis genes, Chapter 3 
characterizes the spatial and developmental expression pattern of the KdsA2 and KdsB genes in 
Arabidopsis. Using a promoter::GUS reporter system KdsA2 and KdsB were shown to have 
largely overlapping expression profiles with strongest expression found at the apical meristem, 
vasculature, leaf hydathodes and reproductive tissues. 
   Chapter 4 investigates the possibility of using gene knockdown (RNAi) as a tool for disruption 
of Kdo biosynthesis. Expression vectors carrying inverted repeat sequences complementary to 
AtKdsA1, AtKdsA2 and AtKdsB were used for Agrobacterium mediated transformation of 
Arabidopsis but transformed plants could not be identified from T1 seed. As an alternative, 4 
independent transgenic lines targeting AtKdsA1 for gene knock-down have been obtained from a 
public seed depository (AGRIKOLA) and in combination with an AtKdsA2 null mutant should 
provide a future means for disrupting Kdo biosynthesis in the sporophyte generation. 
      To further investigate the possibility of applying gene knockdown approaches of Kdo 
biosynthesis genes to the study of RG-II, Chapter 5 describes the use of an inducible RNAi Chapter 11 
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approach. By combination of a GAL4/VP16 expression system and ALCR/alcA ethanol-switch 
to achieve temporal and spatial control of transgene expression, it has been possible to generate a 
genetic tool-kit consisting of a series of Arabidopsis lines in which it should be possible to 
disrupt Kdo biosynthesis in specific tissues at strictly defined developmental stages. As a proof of 
concept the J0951/iKdsB line, in which expression of an AtKdsB antisense sequence is restricted 
to the epidermis and root cap in the presence of ethanol, is shown to be almost completely devoid 
of root hairs when grown under induced conditions. This result is suggestive of a role for RG-II 
in tip growth processes and is consistent with the phenotypes of null mutants in which a failure in 
pollen tube elongation results in gametophyte lethality.  
   Kdo is synthesised and activated in the cytosol and requires a protein transporter for delivery to 
the lumen of the Golgi where RG-II assembly occurs. Chapter 6 reports the molecular and 
phenotypic characterisation of a T-DNA mutant of a putative Arabidopsis CMP-Kdo transporter, 
Atcstp1-gk. Contrary to the original annotation, the T-DNA insert site of Atcstp1-gk was shown to 
be upstream of the start codon and quantitative gene expression analysis revealed that the T-DNA 
acted as an enhancer element to increase AtCSTP1 gene expression. Phenotypic characterization 
of Atcstp1-gk suggested the possibility of a number of subtle phenotypes indicative of cell wall 
loosening. 
   Chapter  7 describes efforts to disrupt expression of the rhamnogalacturonan specific 
xylosyltransferase (RGXT) gene family using an RNAi approach. An expression clone was 
generated that carries an inverted repeat sequence complementary to a highly conserved region of 
RGXT mRNA, suitable for RNAi-mediated knock-down of the entire RGXT gene family. 
However, it was not possible to transform the T-DNA into Arabidopsis, possibly due to a 
dominant embryo-lethal phenotype or  as yet unidentified difficulties with the expression vector. 
In Chapter 8 in silico and in vitro approaches are used to investigate the potential application of 
an enzyme inhibitor, 2β-deoxy-Kdo, as a tool for the disruption of Kdo biosynthesis in plants. 
Using the experimentally-determined structure of the E. coli KdsB enzyme it was possible to 
generate a reliable homology model of the Arabidopsis enzyme to reveal that the plant and   
microbial enzymes have a highly conserved 3D structure and a near identical active site 
conformation. Using the recombinantly expressed ∆AtKdsB in enzyme kinetic and inhibition 
studies the substrate analogue 2β-deoxy-Kdo was shown to be a potent in vitro inhibitor of 
AtKdsB with a Ki of 1.26 ± 0.15 µм, consistent with measures of the complex dissociation 
constant made by isothermal titration calorimetry (ITC) analysis. 
   The 2β-deoxy-Kdo was subsequently applied in vivo and the results are described in Chapter 
9. Application of the inhibitor results in a severe inhibition of cell elongation of Arabidopsis root 
cells that can be partially rescued by either Kdo or boron. It is highly likely that 2β-deoxy-Kdo 
application disrupts CMP-Kdo biosynthesis with consequences for RG-II structure and dimer 
formation. Having successfully applied the inhibitor 2β-deoxy-Kdo in Arabidopsis, the Summary 
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possibility now exists to apply this inhibitor to other plant species.  Assuming a conservation of 
function between plant KdsBs it should be possible to now explore the consequences of altering 
RG-II structure in a diverse set of plant species to detect similarities and differences in the 
functionality of RG-II. 
   Chapter 10 presents preliminary efforts to crystallise the ∆AtKdsB enzyme in complex with 
2β-deoxy-Kdo and CTP. The protein expression and purification protocols have been optimized 
and several promising ‘hits’ from crystallography condition screens.  An experimentally-
determined structure for AtKdsB would be expected to assist with the design of novel inhibitors 
and also provide insight into the evolution of plant KdsBs. 
   Taken together, these results demonstrate that activation of Kdo to CMP-Kdo is critical for tip 
growth processes in Arabidopsis. It is suggested that loss of KdsB activity, either by T-DNA 
knockout or RNAi-mediated gene knockdown, prevents Kdo incorporation onto the backbone of 
RG-II and therefore a loss of side chain C. Precisely how this presumed alteration in RG-II 
structure results in an inhibition of tip growth remains unclear, however, possibilities include: (1) 
Side chain C of RG-II is important for the maintenance of tip cell wall plasticity and a loss of 
side chain C results in a more rigid cell wall thus preventing tugor driven growth at the tip; (2) 
Kdo alone or in combination with Rha and/or backbone GalA residues, has a signalling role in 
maintaining the balance between cell wall strength and tugor pressure and a loss of Kdo 
incorporation into RG-II somehow constitutively suppresses tip growth. For example, it is 
possible to speculate that RG-II exudation at the growing tip, followed by polysaccharide 
digestion and esterification/phosphorolation is somehow detected during endocytosis and signals 
for expansion to continue. However, once cell wall material becomes depleted, the Kdo signal is 
lost and the growth stops. 
   It is difficult to consolidate the inhibition of cell expansion by exogenous AtKdsB inhibitor 
with the inhibition of root hair formation seen using inducible RNAi knock-down. While 
application of 2β-deoxy-Kdo inhibitor produces seedlings with many small cells bunched above 
the root meristematic region, indicative of an inhibition of cell wall expansion, these inhibitor 
treated seedlings appear to have no significant problems with cell differentiation as demonstrated 
by the appearance of many root hairs. Conversely when KdsB transcript levels are reduced by 
RNAi knock-down using a tissue specific GAL4/VP16 driver line (J0951, epidermis and root 
cap), cell expansion is unaffected but the production of root hairs (a tip growth, differentiation 
process) is blocked. It is possible to speculate that Kdo/RG-II have multiple functions and play 
different roles depending of tissue type and developmental stage and that the exogenous 
application of 2β-deoxy-Kdo affects a different mechanism to the J0951/iKdsB gene knockdown 
line. 
   In summary, this thesis describes the development of genetic and pharmacological approaches 
for the disruption of Kdo biosynthesis as a means of altering RG-II structure, providing novel Chapter 11 
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insights in the developmental function of RG-II and opening new opportunities for further 
dissection of the mechanisms driving the structural conservation of this complex cell wall 
polysaccharide.  
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